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ABSTRACT
Nutrient Removal in Microalgae Raceway Ponds and Nitrification Modeling
Esmeralda Diego
This thesis explores the treatment of municipal wastewater using pilot-scale raceway ponds and
looks specifically at the capability of the raceways in removing BOD and nitrogen. Nine 33
square-meter algal raceway ponds were used to conduct research at the San Luis Obispo Water
Resources Recovery Facility. Main objectives of this study were to increase the removal of total
ammonia nitrogen (NH3-N plus NH4+-N) from municipal wastewater through increased
assimilation and nitrification. Raceway ponds with CO2 addition were operated in series with an
intermediate settling step and a total hydraulic retention time (HRT) of 4 days to measure the
increase in nitrogen removal through assimilation by two rounds of algae growth. A single round
of treatment with a 4 day HRT was also operated and compared to the two rounds. The two
rounds of treatment and 1 round of treatment removed on average 36.6 mg-N/L and 35.2 mg-N/L
of TAN, with respective standard deviations of 6.3 mg-N/L and 5.3 mg-N/L. No statistical
significant difference was found between two treatment methods for TAN (mg-N/L) removal (t =
-0.64, DF = 23.3, P =0.28), % TAN removal (t = -1.18, DF = 22.6, P = 0.25), and TAN (mg-N/L)
of final effluent (t = 1.11, DF = 23.6, P = 0.28). Raceway ponds were aerated at night to keep
nighttime DO from dropping to concentrations inhibitory to nitrification. The rates of
nitrification with night aeration were measured. The nitrification rates were compared to a model
based on Monod kinetics. The Monod model did not correspond with performance results of
ponds.
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Introduction

Wastewater is a problem that can be turned into an opportunity. The opportunity with
wastewater is in treatment and reuse. With increased potable water scarcity and demand in
California reclaimed water from wastewater treatment plants is being used as an additional
source for indirect potable reuse or groundwater recharge (Rosso and Stenstrom, 2005).
On the problematic side, wastewater discharged to the environment while still containing the
nutrients nitrogen and phosphorus, can promote eutrophication of water bodies (Anderson,
2002), with the associated increase in the prevalence of aquatic plants and algae. These
organisms can be a nuisance by increasing drinking water treatment costs (Shen et al., 2011) and
changing ecosystem structure and function (Smith, 1999). Nitrogen, in addition to causing
eutrophication, has the potential to be harmful in groundwater. The most common pollutant
found in the California Central Valley Aquifer System is nitrate-nitrogen (Harter et al.,
2017).The presence of nitrate in well water in the US has led to hundreds of reported cases of
infantile methemoglobinemia, a potentially fatal condition (Konbeloch et al., 2000).
Methemoglobinemia, as caused by nitrate, occurs when the nitrate (NO3-) ion is microbially
reduced to the nitrite (NO2-) ion, which oxidizes blood ferrous hemoglobin to ferric
methemoglobin, which is unable to bind oxygen (Fewtrell, 2004). Since 1980, concentrations of
nitrate above California’s drinking water standard, 10 mg/L of nitrate as nitrogen, has led to the
closure of over 200 municipal supply wells in the Central Valley alone (SWRCB, 1994).
Nitrogen continues to be a regulatory priority in California. The California State Water
Resources Control Board mandates that any wastewater source over 20,000 gallons per day
requires a minimum of 50% total nitrogen removal for a “low threat” situation and a maximum
of 10 mg/L of total nitrogen in the effluent for a “high threat” situation (SWRCB, 2014). A low
1

threat situation is defined as one where additional treatment will occur after the wastewater is
dispersed, such as land application crop uptake, denitrification, shallow dispersal area etc. A high
threat situation is one where limited additional treatment will occur after dispersal.
In 2005, 74 billion kWh were used for public and private wastewater treatment plants in
the U.S., this accounted for about 15 % of energy used in the water-use cycle for the commercial
and residential sectors (USGS, 2015). Consequently, a widely researched area within wastewater
treatment for many years has been reducing the energy requirements of wastewater treatment
plants while still meeting effluent standards (Metcalf and Eddy, 2003).
Newer technologies for nitrogen removal at low energy intensity are described in the
Background section, but this thesis focuses on microalgae raceway ponds. Raceway ponds for
wastewater treatment were first developed by Oswald and colleagues as an alternative to the
more traditional facultative ponds. Compared to facultative ponds, raceway ponds achieve
higher rates of removal for nutrients, fecal indicator organisms, and wastewater organic
compounds (Craggs et al., 2012). For nitrogen removal, the microalgae grown in the raceway
ponds produce photosynthetic oxygen for organic matter oxidation and nitrification of ammonia
(Oswald et al., 1960), as opposed to the ~630−1,970 kWh ML-1 of aeration energy needed for the
more conventional activated sludge process (Craggs et al., 2012).
This thesis explores the treatment of municipal wastewater using pilot-scale raceway ponds and
looks specifically at the capability of the raceways in removing BOD and nitrogen. Two
experimental setups were established: one with a single “round” of raceway treatment and
another with two “rounds” of raceway treatment with an intermediate settling step of biomass
(i.e., ponds-in-series).

2

2

Background

This section provides an overview of wastewater treatment through conventional methods and
raceway ponds in addition to a discussion of bacterial denitrification. The mechanisms of
nutrient removal and the capability of treatment for all of these processes are further explained.
2.1

Existing wastewater treatment method

The activated sludge process is the most commonly used biological treatment method for both
municipal wastewaters and can be employed in large centralized treatment plants (Meerburg et
al., 2014). Activated sludge involves the production of activated microorganisms, mostly
bacteria, which can oxidize the organic material and ammonium in wastewater. In its most basic
form, the activated sludge process consists of a reactor, in which the microbes are aerated in
suspension; separation of liquids and solids, typically accomplished in a sedimentation tank; and
a sludge return system, used to return solids removed by solid-liquid separation to the reactor
(Metcalf & Eddy, 2003). Denitrification of nitrate to nitrogen gas completes the nitrogen
removal. Denitrification is usually conducted in a separate anoxic tank.
The Modified Ludzak-Ettinger (MLE) process (Figure 2.1) is the most widely used process for
biological nitrogen removal (Ostace et al., 2011).

Figure 2-1. Schematic of Modified Ludzak-Ettinger activated sludge process with pre-anoxic
denitrification (Shah, 2018).

3

In activated sludge, including in the MLE process, sedimentation of primary solids is a common
step prior to aeration, while biological treatment is used to remove soluble, colloidal, and
particulate organic substances and ammonia. In the MLE process influent wastewater is fed to an
anoxic zone followed by an aerobic zone then to a secondary clarifier. The nitrate formed in the
aerobic zone is returned to the anoxic zone via both the returned activated sludge (RAS) and
internal recycle from the aerobic zone (Metcalf & Eddy, 2003).
Since the first activated sludge process was developed over 100 years ago in 1914 (Jenkins &
Wanner, 2014) a number of new processes and configurations for activated sludge have come
about in response to a demand for higher quality effluent, greater knowledge of microbial
processes, and continued efforts to reduce the capital and operational costs (Metcalf and Eddy,
2003). However, major drawbacks of the activated sludge treatment process include high
operation and maintenance (OM) costs, high energy demand, and the need for large land areas
for biosolids disposal or reuse (Oswald, 2003). The average OM cost reported for 2001 was
~$1,200 per million gallons (MG), which excluded additional expenses of biosolids. On average
0.68 dry tons of biosolids are produced for MG of wastewater treated and management costs of
biosolids treatment is ~$220/ton (AMSA, 2002). In 2007 an average of 1,766 kWh of electrical
energy were required for each MG of wastewater treated (NACWA, 2008).
2.2

Alternative Treatment Method: Microalgae Raceway Ponds

An alternative to the activated sludge process is the use of microalgae to treat wastewater.
Through photosynthesis, microalgae convert light, nutrients and CO2 into algal biomass and
oxygen (Tuantet, 2014). One way to incorporate microalgae in wastewater treatment is algal
raceway ponds developed by Oswald and colleagues beginning in the 1950s (Oswald et al.,
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1957). Raceway ponds consist of a shallow reactor 0.2 to 2 meters in depth with gentle
mechanical mixing in which algal and bacterial cells grow (Garcia et al, 2000; L. Parker thesis in
progress). Mechanical mixing is accomplished by a paddle wheel, and a center baffle directs the
flow to travel in a continuous loop to keep algae in suspension (Figure 2.2).

Figure 2-2. Cross sectional schematic of an algal raceway pond (Craggs et al., 2012).

In the raceway pond treatment process, the algae release O2 as product of photosynthesis; the O2
in turn promotes aerobic bacterial degradation of organic compounds, which results in the release
of additional CO2 and nutrients that can become assimilated by algae (Oswald et al., 1957). In
raceway ponds ammonia can be converted to nitrite and nitrate through nitrification (Evans et al.,
2005).
The biomass grown in the ponds can be used as a low carbon intensity biofuel feedstock,
providing a second environmental benefit (Woertz et al., 2014). When algae are grown under
ideal conditions, they can produce over 20 times more oil than oilseed crops, such as soy and
canola, per hectare (Park et al., 2010). Algae-derived liquid biofuels are not competitive with
current petroleum prices, but when algal biomass is grown and harvested as a byproduct of
raceway pond wastewater treatment, the treatment revenue offsets the cost of the algal biofuels
(Lundquist et al., 2010; Park et al., 2011).

5

2.3

Nutrient Removal in Raceway Ponds

Biochemical oxygen demand and nitrogen are treated in the algal raceway ponds by
dissimilatory mechanisms that are also present in activated sludge, but assimilation of nitrogen
by algae is an additional mechanism in ponds.
2.3.1 BOD Removal
The allowable BOD loading rate of raceway ponds depends on climate but on average ranges
from 100 to 150 kg BOD5 ha-1 day-1 for secondary treatment (Craggs et al., 2012). The removal
of BOD5 in raceway ponds occurs through aerobic decomposition with dissolved O2 levels
generated during the day-time as a result of algal photosynthesis. In contrast, mechanical
aeration provides the dissolved oxygen for the activated sludge process, with a power
requirement of 215 to 910 kWh ML-1, which is about twice as much as the power input needed
by the raceway pond process (Craggs et al., 2012).
2.3.2 Nitrogen Removal
When operated at suitable conditions for HRT, pH, carbonate system alkalinity, and dissolved
oxygen, raceway ponds can effectively remove nitrogen from wastewater. Mechanisms for
nitrogen removal are illustrated by the nitrogen cycle (Figure 2-3) which involves five main
microbial biological processes: nitrogen fixation, mineralization (decay), assimilation,
nitrification, and denitrification. Of these processes the three of greatest importance in algal
raceway pond treatment are likely to be assimilation, nitrification, and denitrification.
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Figure 2-3. Nitrogen cycle carried out by the microbiological processes (1) Nitrogen fixation, (2)
bacterial nitrification, (3) denitrification, (4) co-denitrification, (5) anammox, and (6) ammonia oxidation
during nitrification (Hayatsu et al., 2018). Assimilation of nitrogen ions into organic nitrogen by
organisms is not shown, except for NH3 uptake.

Chemolithoautotrophic nitrification is a two-step process, first ammonia is converted to nitrite
then nitrite is converted to nitrate; the steps are carried out by ammonium oxidizing bacteria
(AOB) and nitrite oxidizing bacteria (NOB), respectively. The oxidation of ammonium is the
first step and is thought to be rate limiting because accumulation of nitrite is rare in the
environment (Kowalchuk and Stephen, 2001). The most common AOB genera in wastewater is
Nitrosomonas (Metcalf and Eddy, 2003). AOB use ammonium (NH4+) and not ammonia (NH3),
which exists in equilibrium with NH4+. Consequently, pH plays an important role, as the
distribution of the two forms is pH dependent. The chemical equation for ammonia oxidation is
mediated by Nitrosomonas bacteria (Equation 2-1). The subsequent step of nitrite oxidation to
nitrate is carried out most often by the genera Nitrobacter (Equation 2-2). The two steps
combined leads to complete nitrification, with a stoichiometric requirement of 4.57g of O2 for
every 1 g of N oxidized. Consequently nitrification can only proceed under aerobic conditions
(Kowalchuk & Stephen, 2001; USEPA, 1993).
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2NH4+ + 3O2 → 2NO2- + 4H+ + H2O
2NO2- + O2 → 2NO3-

Equation 2-1.

Equation 2-2.

The process of nitrification alone does not remove nitrogen rather it just converts ammonium,
which is abundant in wastewater, to oxidized forms. The process of denitrification though can be
used to remove nitrogen from wastewater and involves the reduction of nitrate to nitrogen gas
(N2) (Equation 2-3). Many types of heterotrophic bacteria can carry out the denitrification under
anoxic conditions (USEPA, 1993). If DO levels in the raceway ponds are low, which is
commonly observed at night (Kraetsch, 2015), denitrification can in theory occur in the ponds.
As noted by Equation 2-3, organic carbon is required for denitrification; an exogenous carbon
source can be supplied to the wastewater after aeration in the raceway ponds (Winkler et al.,
2011).
NO3- + organic carbon → N2 + CO2 + H2O

Equation 2-3.

Assimilation of nitrogen into algal or bacterial biomass is another route of soluble nitrogen
removal, which can be followed by biomass separation for total nitrogen removal (Garcia et al.,
2000). Algal cells are approximately 8% nitrogen by mass; as such an increase of algal biomass
production results in increased nitrogen removal (Craggs et al., 2012). Algae and autotrophic
bacteria uptake nitrogen in the form of either total ammonia nitrogen (TAN) or NO3-, but TAN is
preferred and is consequently used up for cell synthesis first (Mayo & Mutamba, 2005). CO2 can
be a limiting nutrient for algae growth in municipal wastewaters, so CO2 addition can increase
the assimilation of nitrogen into algal cells.
A nitrogen removal process not mediated by bacteria but indirectly promoted by algae is
volatilization of ammonia. Photosynthesis by algae raises the pH of the pond water as CO2 and
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HCO3- are consumed, which can result in pH values over 10 and lead to NH3 formation and
stripping (Park et al., 2011; Garcia et al., 2000). At a pH of 9.4 and a temperature of 20°C,
dissolved NH3 gas and NH4+ exist in equal molar concentrations; above 9.4, NH3 is the dominant
form. In addition to pH and temperature, the transfer of NH gas across the liquid-air interface is
affected by the depth of the water column (Mayo & Mutamba, 2005). When CO2 is supplied to
the ponds to maintain the pH below 8, it reduces nitrogen loss by ammonia volatilization from
24% (on a control raceway pond without CO2 addition) to 9% (Craggs et al., 2012).
2.4

Further Research Needed

Despite research as early as the 1950s recommending raceway ponds for treatment, most US
wastewater treatments plants constructed since then have used the activated sludge or tricking
filer type process (Oswald, 2003; USEPA, 2016). Limitations of raceway ponds include
decreased nutrient removal when solar radiation and/or temperature are cool and high costs to
remove algae from the effluent (Xu et al., 2009). The improved treatment performance of algal
raceway ponds continues to be an ongoing effort around the world (Gutzeit et al., 2005).
2.5

Study Objectives

This study aimed to increase the removal of total ammonia nitrogen (NH3-N plus NH4+-N) from
municipal wastewater through increased assimilation and nitrification. Experiments were
conducted in pilot-scale raceways to test the effects of the following conditions on nitrification
and assimilation rates:
(1) Raceway ponds with CO2 addition were operated in series with an intermediate settling step
to measure the increase in nitrogen removal through assimilation by two rounds of algae growth.
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(2) Raceway ponds were aerated at night to keep nighttime DO from dropping to concentrations
inhibitory to nitrification. The rates of nitrification with night aeration were measured. The
nitrification rates were compared to a model based on Monod kinetics.
3

Methods and Materials

This chapter details the layout, process flow, experimentation, maintenance, and sampling
methods performed at the Algae Field Station (AFS). The sampling preparation, preservation and
analytical tests that were conducted at the Cal Poly Water Labs are also discussed.
3.1

Algae Field Station: Location and Layout

The AFS, which has been operating since 2012, is located in the San Luis Obispo Water
Resources Recovery Facility (WRRF). The AFS is adjacent to the WRRF’s primary clarifier
(Figure 3-1). Nine algal raceway ponds were used to conduct field experiments. The nine
identical 33-m2 paddle wheel mixed raceway ponds were grouped in triplicates forming three
sets with the names designated as Round 1, Round 2, and Gamma. In past studies, the Round 1
ponds have been called the Beta set and the Round 2 ponds the Alpha set. The pond depths were
fixed at 30 cm by standpipes, and the mixing velocity was ~20 cm/sec.
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Figure 3-1: The Algae Field station labeling the nine raceway ponds showing triplicate sets Gamma,
Round 1, and Round 2. Primary clarifier source water shown at right.

3.2

Process Flow

To distinguish between triplicate ponds the following naming convention was used: the Round 1
triplicate set consisted of Ponds 1-3; the Round 2 set was Ponds 4-6; and the Gamma set was
Ponds 7-9 (Figure 3-2). Influent source water to the Gamma and Round 1 ponds was pumped
from the WRRF’s primary clarifier effluent channel. Pumping location, source water
distribution, and pond mixing followed Chang (2014).While the overall process flow and various
pond characteristics were kept consistent throughout all experiments, some operational changes
or additions were made in order to carry out the different pond experiments. All changes and
additions made to the ponds are discussed further in the respective Pond Experiments section.
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Figure 3-2: Process flow diagram for the experimental ponds. P1-P9 are raceway ponds and the RS
signify cone-bottom settling tanks. The denitrification reactors are not discussed in this thesis.

3.2.1 Process Flow in detail
3.2.1.1 Single round treatment
All flow in Gamma was isolated from Round 1 and Round 2 ponds. The ponds received a flow
of primary clarifier effluent during the day only, to mimic typical municipal sewage flows. Flow
schedules for each experiment are defined in the Pond Experiment sections.
Depth of the Gamma ponds was controlled by a 10-cm diameter PVC standpipe placed
downstream of the influent source location.
3.2.1.2 Ponds in series
The Round 1 and Round 2 ponds were operated in series, with the pumped primary clarifier
effluent being distributed equally to each of the Round 1 ponds. Water was intermittently
pumped out of Round 1 to R1S1-R1S3. A Varios-2 controllable DC pump with a capacity of
3000 m3 per hour was placed on a concrete block within the pond so that the pump was located
approximately at mid-depth (Figure 3-3).
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Figure 3-3: Varios-2 DC pump lifted above water surface for the photograph.

The pump speeds were controlled by an ultrasonic level sensor (Figure 3-4). The sensors were
set to turn on the Varios pumps at 36 percent of the maximum speed possible while the pond
depth was ~28 cm. When pond depth was above ~28.5 cm the pumps were increased to 100
percent of the total speed. When pond depth fell below 28 cm pumps shut off.

Figure 3-4: Ultrasonic level sensor and stilling well mounted on metal bracket.

The pumped effluent from each Round 1 pond flowed through a 1.59 cm diameter hose to one of
the Round 1 settling tanks (Figure 3-5). The water entered the settling tanks at approximately
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mid-depth of the tank. A check valve on each hose at a length 60 cm from the pump prevented
the water from flowing from the tank back to the pond while the pump was off.

Figure 3-5: Round 1 settlers showing labels for valves and hoses.

Each Round 1 pond flowed to one of three settling tanks plumbed in parallel: Round 1 Settler 1
(R1S1), Round 1 Settler 2 (R1S2), and Round 1 Settler 3 (R1S3). The settling tanks had a
volume of 0.95 m3 and included inclined tube settler elements (Figure 3-6).
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Figure 3-6: Crossflow tube settlers in Round 1 settling tank.

A weir (Figure 3-7) controlled the water depth in each Round 1 settler. With the weir located at
the water surface, the overflow was the supernatant and the settled particles were drained from
the bottom of the tank periodically. The average HRT for each Round 1 settlers was ~30 minutes
during hours of pumping.
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Figure 3-7: Weir in a Round 1 settling tank. Weir overflow was conveyed to the next tank via the pipe at
the left.

The weir overflow of each tank was combined in a small head tank that flowed into the fourth
settling tank, Round 1 Settler All (R1S-All). R1S-All also had inclined tube settlers to increase
the settling efficiency of the biomass.
The supernatant of R1S-All flowed over a weir to a head tank that distributed flow to the Round
2 ponds. The Round 2 ponds had the same type of flow distribution system as the Round 1 and
Gamma ponds with a water wheel that controlled flow through scoop length and water wheel
speed, as described in Chang 2014. The Round 2 ponds received influent only when the Round 1
pond effluents were being pumped (i.e., during daytime).
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Effluent left the Round 2 ponds either via a Varios pump identical to those used in Round 1 or
through a 28-cm standpipe.
The following additional steps in the process flow were only operational from April 4-July 15,
2017: coagulant addition, Round 2 settling, and denitrification. These steps were only possible
when effluent was being pumped out of the ponds with a Varios pump and not when effluent was
draining away via a standpipe. Pumped effluent went to a rapid mix tank where coagulant
(Klaraid 10, Part number 1768) was added at a rate of 16 mL per minute. Coagulated effluent
flowed into Round 2 Settler A (R2SA). The R2SA settler effluent passed by gravity though a
pipe located at mid-depth to avoid floating coagulated algae. R2SA effluent flowed into the
Round 2 Settler B (R2SB) tank, of equal dimensions to the R2SA tank (Figure 3-8).

Figure 3-8: Round 2 settling tanks in series: R2SA (left) and R2SB (right).
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The effluent of R2SB (Figure 3-9) was pumped by two peristaltic pumps into two denitrification
reactors plumbed in parallel. The denitrification reactors consisted of 200 liter drums filled with
a plastic media meant for biofilm growth (Figure 3-10).

Figure 3-9: R2SB with outlet point for effluent going to peristaltic pumps shown.

Figure 3-10: The left photo shows the denitrification reactors plumbed in parallel. The pipes at the top are
for outlet flows, and the tubes at the bottom are inlet points. The right shows the inside of the
denitrification reactor filled with plastic media.

AFS operational and maintenance tasks included cleaning and maintaining influent water wheels,
flushing the hose for the Round 1 pumps, draining sludge from the settling tanks, cleaning the
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external surface of aeration hoses and CO2 spargers, cleaning stilling wells of the ultrasonic level
sensors, and calibrating probes.
3.3

Sensors and Controllers

Each triplicate pond set had a small shed where the variable frequency drives (VFD) for the
paddle wheels and water wheels, display modules for the sensory control and data acquisition
(SCADA) system, aeration pumps were located. Dissolved oxygen (DO) and ultrasonic level
sensor control units for each pond set were contained in a small electrical box adjacent to the
ponds (Figure 3-11).

Figure 3-11: Left photo shows VFD for the paddle wheels on the left and the VFD for water wheel on
right for the three gamma ponds; similar setup used for Round 1 and Round 2. Center photo shows the
Aqua Controller display module used for pH. Right photo shows the electrical box where pump and level
sensor control units were stored.

The pH, DO, and temperature probes were located upstream of the influent pipes and ~30 cm
away from the edge of the pond (Figure 3-12).
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Figure 3-12: Setup for ultrasonic level sensor, temperature probe, pH probe and DO probe submerged in
pond.

All probes were connected to the Neptune SCADA system and logged pH values hourly for
Round 1 and Gamma and every 15 minutes for Round 2. Probes were cleaned every day with a
cloth and DI water to remove any solids build up on the probe. pH probes were calibrated once a
week against a handheld probe with a tolerance of ±0.20. DO probes were calibrated against a
handheld probe to ±10% of the handheld value.
The pH of each pond was controlled through the addition of CO2 from April 4- November 20,
2017. During cooler months when pH was not subject to rapid and drastic pH increases, CO2
addition to the ponds was turned off.
The pH probes continuously recorded pH and when any of the ponds rose to a pH of 8.20 the
automated solenoid switch (Figure 3-13) for that individual pond would turn on. The CO2 was of
99.5% purity and was supplemented to the ponds through CO2 spargers. The automated solenoid
switch was programmed to turn off once the pH fell to 8.00.
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Figure 3-13: Left photo shows cylinder tanks secured with regulator and pressure gauges. Photo at right
shows switches for individual solenoids to ponds, individual pressure gauges shown for line pressure to
each pond set.

3.4

Pond Experiments

This section details the conditions in the ponds for the different time periods in which the
experiments were conducted. The experiments performed were (1) Raceway ponds with CO2
addition were operated in series with an intermediate settling step to increase removal of nitrogen
through assimilation and (2) raceway ponds were aerated at night to keep nighttime DO from
dropping and allowing for nitrification to persist. The rates of nitrification for ponds in series
were also modeled using a Monod model.
3.4.1 Experiment 1, Ponds in Series
The plant operations during August 29-December 7, 2017 were designed to answer the first
experimental question. As described above, the Gamma ponds served as the single round of
treatment and the Round 1 and Round 2 ponds served as the two rounds of treatment. Analyses
for Experiment 1 only included Ponds 5 and 6 (with standpipes) of the Round 2 set because
effluent was pumped from Pond 4 during this time. References to Round 2 during Experiment 1
omit Pond 4.
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Hydraulic residence time (HRT) for the Gamma ponds was 4 days. For Round 1 and Round 2,
the HRT was 2 days each. Other variables that were kept consistent between the two treatment
conditions allowing for comparison are in Table 3-1.
Table 3-1. Pond characteristics for Experiment 1.
Variable

Gamma

Round 1

Round 2

3.0

6.0

6.0*

Aeration**

2 pumps

none

2 pumps

Aeration time (8/29-11/21)

8pm-6am

none

9pm-7am

Aeration time (11/22-12/7)

4:30pm-7am

none

4:30pm-7am

Daily feed time

7am-9pm

7am-9pm

7am-9pm

Dates of CO2 supplementation

8/29-11/20

8/29-11/20

8/29-11/20

Influent rate (L/min)

* Nominal flow neglecting evaporative losses.
** Number of air pumps delivering to each pond described below.
3.4.2 Experiment 2, Nitrification Modeling
Experiment 2 was executed according to the general process flow outlined in 3.2 Process Flow
from December 21, 2017 to March 22, 2018. Data collected during this time was used to
determine how accurately the rate of nitrification in the Gamma and Round 2 ponds could be
modeled. Before the experimental period started, all nine ponds were operating with a 4-day
HRT. For Experiment 2, the HRTs of the ponds-in-series were changed. For Round 1 and
Round 2, HRT was 3 days each, for a 6-day total. Gamma ponds continued to operate on a 4-day
HRT. All Round 2 ponds had 28 cm diameter standpipes. Gamma’s Pond 7 effluent was
pumped out of the ponds and Ponds 8 and 9 each had an 11-cm diameter standpipe.
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Two pumps (Air Force Pro 40 Linear Air Pump, 745 GPH) aerated the Gamma and Round 2
ponds. Ponds were aerated from 4:30pm-7am daily from December 21, 2017 to March 19, 2018.
After March 19, 2017 aeration was reduced to 7pm-7am daily. The duration of aeration was
aimed at maintaining the nighttime pond DO above ~3-4 mg/L to prevent inhibition of nitrifiers.
While the Neptune system measured DO in percent of saturation, DO in terms of mg/L was
desired. DO measurements were converted to mg/L using an oxygen solubility table from YSI
(Appendix A), the same manufacturer of the handheld DO probe used to calibrate the Neptune
DO probes. Because the temperatures observed in the ponds varied by many degrees over the
course of a day, groups of small temperature ranges were designated and assigned the average
100 % saturation value for that temperature range. Table 3-2 shows the DO value in mg/L that
was assigned to each temperature range. It was assumed that chlorinity and salinity were both
zero and that the pressure was 760 mm Hg. After the 100 percent saturation value was found for
each temperature, the percent saturation measured by the Neptune system was multiplied by this
value to find the DO in mg/L.
Table 3-2. Dissolved oxygen in mg/L averaged over the given temperature range for a pressure of 760
mm Hg, chlorinity of 0 ppt, and salinity of 0ppt.
Temperature
Range (ºC)

5-7

8-11

12-15

15-20

21-24

24-27

27-30

DO (mg/L)

12.45

11.43

10.43

9.48

8.67

8.11

7.70

3.5

Sampling Procedures

Grab samples were collected weekly at various points throughout the process flow for water
quality analysis. With the exception of the first sample, which was collected on Tuesday August
29, 2017, samples were collected on Thursdays between 7am and 8am.
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Using a ~4-L plastic drink pitcher, primary clarifier effluent was collected directly from one of
the PVC pipes that distributed into the Gamma and Round 1 ponds, sample collection was
rotated between the different pipes weekly. The volume in the pitcher was quickly poured into a
4-L plastic sample bottle so as to not allow for any solids to settle to the bottom of the pitcher.
The same pitcher sampling method was followed to collect Round 2 influent samples.
Grab samples of each pond were collected 0.3 m upstream of the standpipe or effluent pump by
submerging the pitcher to mid-depth of the water column while it was inverted. It was then
rotated to collect water from mid-depth, without disturbing any sediment. The volume in the
pitcher was again rapidly poured into a 4-L sample bottle to avoid any settling of particulates.
Effluent samples were also taken from each pond. For ponds with a standpipe, a 500-mL sample
bottle was inserted into the standpipe to collect overflow. The lip of the standpipe was brushed
clean prior to this operation. Effluent samples from the pumped ponds were collected at the end
of the length of the hose. The hose was disconnected from the Round 1 settler and held at the
same height that the water would enter the settling tank. Flow was collected in a 5 gallon bucket
until half way full then the volume collected was discarded. The bucket was again allowed to fill
with pumped effluent, the volume was stirred and then a sample was collected by submerging
and filling a 500-mL sample bottle.
3.6

Water Quality Analysis

Following collection, samples were immediately taken to the Cal Poly lab for analysis – a trip of
about 15 minutes. Table 3-3 outlines which tests were performed for each sample.
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Table 3-3. All water quality analytical tests with corresponding method used.

Constituent

Analytical Method

Total Nitrogen

Persulfate Digestion Test ‘N Tube method:
Hach Method 10072, APHA Standard
Methods 1995, Section 4500 N-C

Total Ammonia Nitrogen

Timberline TL-2800, Timberline
Instruments, LLC Method Ammonia-001

Nitrate

Hach Company TNTplus 835/836 Nitrate
Method 10206, APHA Standard Methods
1995, Sections 4500-NO3

Nitrite

APHA Standard Methods 1995, Sections
4500-NO2
A&B

Total and Volatile
Suspended Solids

APHA Standard Methods 1995, Sections
2540 Solids A, B & E

Total and Soluble
Carbonaceous Biochemical
Oxygen Demand

5 day incubation at 20°C, APHA Standard
Methods 1995, Sections 5210 A & B

Alkalinity

APHA Standard Methods 1995, Sections
2320 A & B

Microscopy for Algae ID

Optical Microscope, Method 10900 E. 2.

All water quality analysis tests included a quality control (QC) samples. The QC samples were
blanks, method blanks, standard checks, splits, and matrix spikes. Matrix spikes were allowed to
deviate plus or minus 15% from the expected value, splits and standard checks plus or minus
10%. Tests requiring a calibration curve all had an R2 value of 0.99 or greater. Sample sets that
did not meet the QC criteria were re-run or the data discarded.
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3.6.1 Sample and Analytical Preparation
Once samples arrived at lab, ice packs were placed in all coolers, where samples were
temporarily stored. For tests that require room temperature samples, the chilled samples were
first warmed. For analytical tests where particulate concentrations were measured, careful
homogenization practices were used. Before pouring out sample from the original sample bottle,
bottles were shaken vigorously for 10 seconds and poured into a 1-L beaker. Within the beaker a
kitchen immersion blender was used to break up any biomass flocs before dividing the sample
for individual tests. For determination of total nitrogen and total ammonia nitrogen, the needed
volume of sample was set aside and preserved by acidifying to a pH<2 with H2SO4. All samples
for which analyses were not performed on the date of sample collection were refrigerated. The
preservation and storage criteria are described further in following sections.
3.6.2 Nitrogen Analysis
Nitrogen analyses were performed weekly to determine concentrations of total nitrogen, total
ammonia nitrogen, nitrite, nitrate, and organic nitrogen. Details regarding these analyses are
described below.
3.6.2.1 Test ‘N Tube Total Nitrogen
Total nitrogen was performed within two days of sample collection or on previously acidified
and refrigerated samples after neutralizing to a pH of 6.0-8.0 with sodium hydroxide. The Hach
Test ‘N Tube persulfate digestion method was used to measure the concentration of the sum of
all soluble and organic forms of nitrogen. For samples that were expected to have a concentration
between 0-25 mg/L-N a low range Test ‘N Tube kit was used, and for samples expected to have
concentrations between 10-150 mg/L-N a high range Test ‘N Tube kit was used.
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In this Hach method, all forms of nitrogen in the sample were converted to nitrate through
alkaline persulfate digestion. As a precaution, halogen oxide interferences were removed through
the addition of sodium metabisulfate. Under the acidic conditions of the test, the nitrate in the
sample reacted with chromotropic acid (C10H8O8S2) and the volume in the vial turned yellow.
Absorbance of the sample was read in a spectrophotometer and a calibration curve was used to
calculate unknown concentrations of nitrogen.
A previously determined five-point calibration curve was used to calculate the unknown nitrogen
concentration from the measured absorbance. The average calibration curve was made from 12
calibration curves with standard deviations less than 0.03 mg-N/L. The calibration curve
consisted of standards with 0, 10, 50, 100, and 150 mg/L-N. A standard check of 10, 50, or 100
mg/L-N was prepared using a sodium nitrate stock solution of 1000 mg/L-N. A blank of
deionized water was used to zero the spectrophotometer. A method blank, two splits, and two
matrix spikes were also used each week for all TN tests. Any TN run where more than two of the
QC samples failed, the data were not used and the test was either ran again or the total nitrogen
and organic nitrogen concentrations were recovered as described in discussion Section 3.6.2.5
Organic Nitrogen and Total Nitrogen. In addition to meeting the QC measures, TN values were
considered acceptable only if the concentration of organic nitrogen as N was 5-18% of the VSS
concentration. The range for percentage was chosen based on the lowest percentage of nitrogen
found in dried solids of fecal matter and the highest percentage of nitrogen found in a dry urine
sample (Rose 2015).
3.6.2.2 Total Ammonia Nitrogen
Analysis of total ammonia nitrogen concentrations (NH3-N plus NH4+-N) were determined
according to the Timberline Instruments, LLC Method Ammonia-001, “Determination of
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Inorganic Ammonia by Continuous Flow Gas Diffusion and Conductivity Cell Analysis.” The
acidified samples allocated to TAN were filtered through glass fiber filters (VWR, 1.2-µm pore
size) and the filtrate was collected for analysis. The Timberline instrument raises an aliquot of
sample to pH>11 with sodium hydroxide followed by NH3 permeation through a membrane with
a conductometric finish. Ammonia concentrations were estimated from resultant conductivity
peaks areas. A calibration curve with standard concentrations of 1.0, 2.1, 10.3, 20.6, 41.2, 82.3
mg/L-N was included in each analytical batch and used to calculate total ammonia nitrogen
concentrations. A blank of deionized water, method blank, two splits, and two matrix spikes
were used for each TAN run. In addition to these QC samples, continuing calibration verification
(CCV) standards (15.45 mg/L-N) were tested every twelfth sample. A tolerance of ±10% from
the known standard concentration was allowed. Any runs with more than two failed QA/QC
measures were re-run.
3.6.2.3 Nitrate
Nitrate was determined using Hach Company TNTplus 835/836 Nitrate kits in accordance with
Hach Method 10206 “Spectrophotometric Measurement of Nitrate in Water and Wastewater.”
For samples with concentrations between 0.2-13.5 mg/L NO3-N, low range vials were used, and,
for samples with concentrations between 5-35 mg/L NO3-N, high range vials were used. A
dilution with deionized water was prepared for any sample that had a concentration greater than
35 mg/L NO3-N to not exceed the range for which the method was applicable. Prior to analysis,
samples were filtered through mixed cellulose ester membrane filters (Fisherbrand, SA1J92H5,
0.45-µm nominal pore size).
The nitrate TNTplus kits used the electrophilic aromatic substitution mechanism. When nitrate
and sulfuric acid were both in solution nitronium ions (NO2+) and HSO4- ions were released. The
28

electrophilic nitronium ions attacked the aromatic rings of thedimethylphenol reagent producing
nitro-carbonium ions. The HSO4- ions in solution extracted a hydrogen ion from the nitrocarbonium converting it to a stable nitrodimethylphenol. The nitrodimethylphenol produced a
pink color and the absorbance of the vial was read in a spectrophotometer.
The absorbance of the samples were used in coordination with an average standard curve to
calculate the concentration of NO3--N in the samples. The average standard curve was developed
using data from 10 runs of the Hach Nitrate test. A blank made with deionized water was used to
zero the spectrophotometer. A method blank, two splits, and two matrix spikes were prepared
each time the test was run. Any run that had more than two failed QC measures was re-run the
same day.
3.6.2.4 Nitrite
Nitrite (NO2-) concentrations of samples were obtained using the APHA Method 4500-NO2 A &
B. Samples were filtered through a nominal pore size of 0.45µm mixed cellulose ester membrane
filter and the filtrate was collected and used for analysis in glass test tubes. Samples were
analyzed the day of sample collection.
A calibration curve was prepared each time the test was performed. The calibration curve
consisted of standards 0, 0.05, 0.10, 0.15, 0.20, and 0.25 mg/L-NO2-N prepared using a 250
mg/L-N sodium nitrite solution. Any samples that had a concentration that extended beyond the
range of the calibration curve were diluted with deionized water. A colorimetric reagent which
contained 85% phosphoric acid, sulfanilamide, and N-(1-naphthyl)-ethylenediamine
dihydrochloride was added to all standards, samples, blanks, method blanks, splits, and matrix
spikes. After 10 minutes a pink color formed and the samples were put into a cuvette and
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absorbances were read in a spectrophotometer. If more than two of the QC measures did not
pass, the data were discarded and the samples were re-run the same day.
3.6.2.5

Organic Nitrogen and Total Nitrogen

Organic nitrogen (ON) was not directly measured through any analytical test. Instead the
following equations were used to calculate organic nitrogen mg/L-N.
When reliable TN data were available, Equation 3-1 was used.
𝑂𝑁(

𝑚𝑔−𝑁
𝐿

) = 𝑇𝑁(

𝑚𝑔−𝑁
𝐿

) − 𝑇𝐴𝑁(

𝑚𝑔−𝑁
𝐿

) − 𝑁𝑂3 − (

𝑚𝑔−𝑁
𝐿

) − 𝑁𝑂2 − (

𝑚𝑔−𝑁
𝐿

)

Equation 3-1.

For sample dates where TN data were not available or the organic nitrogen content expressed as
a percent of VSS was outside of the 5-18%range, ON was instead found by Equation 3-2.
𝑂𝑁 (

𝑚𝑔−𝑁
𝐿

) = 𝑉𝑆𝑆 (

𝑚𝑔
𝐿

)×𝑚

Where m = median of

Equation 3-2.
𝑂𝑁(

𝑚𝑔−𝑁
)
𝐿

𝑉𝑆𝑆(𝑚𝑔/𝐿)

The calculated ON concentrations were used to find new TN concentrations for sample dates
where TN data were not available. The equation used for the calculation of TN is shown below
in Equation 3-3.
𝑇𝑁(

𝑚𝑔−𝑁
𝐿

) = 𝑂𝑁(

𝑚𝑔−𝑁
𝐿

) + 𝑇𝐴𝑁(

𝑚𝑔−𝑁
𝐿

) + 𝑁𝑂3 − (

𝑚𝑔−𝑁
𝐿

) + 𝑁𝑂2 − (

𝑚𝑔−𝑁
𝐿

)

Equation 3-3.

As described in Section 3.5 Sampling Procedures, effluent samples of all ponds were taken.
However, the effluent samples were only analyzed for TSS and VSS, and so concentrations of
nitrogen forms were estimated in the following ways.
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The concentrations of all soluble forms of nitrogen including nitrite, nitrate, and total ammonia
nitrogen were assumed to be equal in the pond grab and effluent samples.
Organic nitrogen for the effluent samples was calculated similarly to how ON for grab samples
were calculated. For sample dates where acceptable TN data were available, the ON/VSS value
that was found for the grab samples was applied to find the effluent ON (Equation 3-4).

𝐸𝑓𝑓. 𝑂𝑁 (

𝑚𝑔−𝑁
𝐿

) = 𝐸𝑓𝑓. 𝑉𝑆𝑆(

𝑚𝑔
𝐿

)×(

𝑚𝑔−𝑁
)
𝐿
𝑚𝑔
𝑉𝑆𝑆( )
𝐿

𝐺𝑟𝑎𝑏 𝑂𝑁(
𝐺𝑟𝑎𝑏

)

Equation 3-4.

Equation 3-5 was used to determine ON concentration for effluent samples on dates where grab
TN data were not available. The median values of organic nitrogen/VSS that were found for
Equation 3-2 were used to calculate effluent ON for each respective pond.
𝑚𝑔−𝑁

𝐸𝑓𝑓. 𝑂𝑁 (

𝐿

) = 𝐸𝑓𝑓. 𝑉𝑆𝑆 (

𝑚𝑔
𝐿

Where m = median of

)×𝑚

Equation 3-5.

𝑚𝑔−𝑁
)
𝐿

𝑂𝑁(

𝑉𝑆𝑆(𝑚𝑔/𝐿)

3.6.3 Total and Soluble Carbonaceous Biochemical Oxygen Demand
Carbonaceous total biochemical oxygen demand (ctBOD5) and carbonaceous soluble
biochemical oxygen demand (csBOD5) were determined for the influent sample and csBOD5 was
determined for all pond samples according to the APHA Standard Methods 1995 Sections 5210
A & B, including addition of nitrification inhibitor (Hach, Formula 2533TM). Depletion in DO by
biological organisms was measured after a 5-day incubation period at 20°C ± 1°C. Both total and
soluble carbonaceous BOD5 were obtained for the influent sample because it gave more
complete information on total biodegradable organic carbon loading to the raceway ponds.
csBOD5 of pond grab samples was of interest because, at full-scale, particulate material
contributing to oxygen demand could be removed through settling and/or filtration.
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For csBOD5 determination, samples were filtered through glass fiber filters (VWR with 1.2-µm a
nominal pore size). BOD tests were initiated on the day of sample collection. The 68-mL BOD
bottles and glass stoppers were autoclaved prior to analysis. All samples were run in duplicate,
and the resulting BOD values were averaged. Two blanks were prepared for each batch using RO
water and seed. The QC acceptance criterion for the blanks was no more than 0.2 mg/L. Three
standard checks per batch were prepared by adding 1.4 mL of glucose/glutamic acid standard
solution and seed to BOD bottles. The average BOD5 of the three standards had to be 198 ± 30.5.
For any week where blanks, standards, or a significant number of duplicates did not pass the data
were discarded and not used.
3.6.4 Suspended Solids Analysis
For influent, pond, and pond effluent samples, total suspended solids (TSS) and volatile
suspended solids (VSS) were performed. The APHA Standard Methods 1995, Sections 2540
Solids A, B & E were followed. Sample bottle shaking and blending as described in the Sample
and Analytical Preparation section were followed. Samples were run in duplicate, to get an
average TSS and VSS. The acceptance criterion for the split samples was ±10% from the average
of the split results.
TSS analysis always occurred the sample day. Samples were filtered through glass fiber filters
(VWR with 1.2-µm a nominal pore size). Filters were preconditioned by rinsing them with RO
water then placing them in a muffle furnace at 550°C for 15 minutes. Filters were then
transferred to a desiccator. Filters were placed on individual aluminum trays that had previously
gone in the muffle furnace at 550°C for 15 minutes. The filter plus tray tares were recorded to in
grams to the 4th decimal point. Samples were blended in a 1 L beaker for 15 seconds with a
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kitchen immersion blender. Samples were pipetted with a wide tip 50 mL pipette immediately
after blending.
3.7

Weather Data

Daily weather data were gathered from the California Irrigation Management Information
System (CIMIS) for the weather station located on the California Polytechnic San Luis Obispo
Campus.
4

Results and Discussion

General influent water characteristics and environmental conditions at the site location are first
presented. Followed by the results and accompanying discussion for the Ponds in Series
Experiment 1. Finally the Nitrification Rate Analysis Experiment 2 is described.
4.1

Influent Water Characteristics

The influent water for the Round 1 and Gamma ponds was provided from the SLOWRRF
primary clarifier effluent. The source water was analyzed for TAN, NO2-, NO3-, organic N, TSS,
VSS, tcBOD5, and scBOD5 and the data are summarized in Table 4-1 and 4-2 for Experiments 1
and 2, respectively. The majority nitrogen source for both time periods was ammonia, the
majority of carbonaceous BOD was soluble, and 80-90% of TSS was volatile.
Table 4-1. Mean primary clarifier effluent characteristics during for Experiment 1from August 29
to December 7, 2017. All forms of nitrogen are reported “as N.”
TAN NO2- NO3-

Org
N

TSS

Average (mg/L)

38.8

0.1

0.3

6.8

64

58

128

97

Standard Dev.

3.4

0.2

0.1

2.3

12

11

29

19

Min. (mg/L)

28.8

0.0

0.0

5.3

45

48

83

65

Max. (mg/L)

42.4

0.8

0.5

10.1

92

84

183

127
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VSS tcBOD5 scBOD5

Table 4-2. Mean primary clarifier effluent characteristics during Experiment 2 from December
21, 2017 through March 29, 2018.
TAN NO2- NO3-

Org
N

TSS

VSS tcBOD5 scBOD5

Average (mg/L)

36

1.3

1.6

3.1

49

39

85

56

Standard Dev.

8

0.7

1.7

0.9

15

12

17

13

Min. (mg/L)

21

0.4

0.0

0.9

16

11

55

35

Max. (mg/L)

47

2.8

5.2

4.36

56

29

115

77

4.2

Experiment 1, Ponds in Series

The purpose of the Ponds in Series experiment was to determine if treatment of nitrogen and
BOD could be improved with two consecutive rounds of treatment with an intermediate settling
step instead of a single round of treatment (Note: the 4-day total HRT for ponds in series was the
same as for the single round of treatment in the Gamma ponds). Pond samples, effluent samples,
and Round 2 influent samples were analyzed for the different nitrogen constituents. BOD
removal for Round 2 and Gamma effluent was also analyzed and compared.
4.2.1 Ponds in Series Experiment 1 Nitrogen Treatment
The predominant form of nitrogen in the influent source water was ammonia (Table 4-1) with
TAN accounting for 84% of the total nitrogen concentration. As such, removal of ammonia
through assimilation, nitrification, denitrification, and volatilization were considered to be
effective potential mechanisms of treatment or nitrogen removal in the ponds. However, of those
mechanisms only nitrification and assimilation will be discussed in detail. Nitrogen removal via
volatilization and denitrification were assumed to be minimal and were not included in the
analysis of Experiment 1; a nitrogen balance presented later in this section supports this
assumption. The nitrogen constituent’s data will be presented first followed by an analysis of
ammonia removal.
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4.2.1.1 Nitrogen data measurements, calculations and analysis
The sum of nitrite-nitrogen (NO2--N) and nitrate-nitrogen (NO3--N) was calculated and is
referred to as oxidized nitrogen or NO2,3-. Concentrations of pond NO3--N were typically 10-100
times greater than pond NO2--N concentrations. Table 4-3 presents the sum of nitrate and nitrite
for each pond set.
Table 4-3. Sum of NO2--N and NO3--N averaged for Round 1, Round 2, and Gamma from
August 29 - December 7, 2017.
Round 1

Round 2

Gamma

Average (mg-N/L)

0.4

20.2

24.2

Standard Dev.

0.1

6.8

6.8

Min. (mg-N/L)

0.3

4.2

1.1

Max. (m-Ng/L)

0.6

27.7

33.4

As described in 3.6.2 Nitrogen Analysis, total nitrogen and organic nitrogen concentrations were
determined through various methods. Table 4-4 outlines which equations were used to determine
organic nitrogen concentrations for the different sample dates of Experiment 1.
Table 4-4. Organic nitrogen determination method for sample dates of Experiment 1.
Primary Clarifier
Effluent

Round 1

Round 2
Influent

Round 2

Gamma

8/29, 9/149/28, 10/5,
11/2

Eqn. 3-1

Eqn. 3-1

Eqn. 3-1

Eqn. 3-1

Eqn. 3-1

12/7

Eqn. 3-2

Eqn. 3-1

Eqn. 3-1

Eqn. 3-1

Eqn. 3-1

10/12-10/26,
11/16, 11/30

Eqn. 3-2

Eqn. 3-2

Eqn. 3-2

Eqn. 3-2

Eqn. 3-2

Sample Dates

Median values (m) used in Equation 3-2 and 3-5 for each sample are found in Table 4-5. The
median was only based on values of ON that were within the range of 5-18%.
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Table 4-5. Median of the ratios of organic nitrogen (mg-N/L) to VSS (mg/L) from August 29 to
December 7, 2017.

Median

Primary
Clarifier
Effluent

P1

P2

P3

Round 2
Influent

P4

P5

P6

P7

P8

P9

0.14

0.08

0.08

0.09

0.10

0.11

0.10

0.07

0.07

0.08

0.07

Organic nitrogen values calculated using both Equation 3-1 and Equation 3-2 averaged for each
pond set and influent type for the time period of Experiment 1 are summarized below in Table 46.
Table 4-6. Organic nitrogen (mg-N/L) of influent and each pond set averaged from August 29 to
December 7, 2017.
Primary Clarifier
Effluent

Round 1

Round 2
Influent

Round 2

Gamma

Average (mgN/L)

6.8

16.0

4.9

16.9

34.8

Standard Dev.

2.3

6.3

1.4

3.2

17.0

Min. (mg-N/L)

5.3

6.9

3.5

11.8

6.8

Max. (m-Ng/L)

10.1

35.9

7.9

22.6

78.3

The TN data measured by Test ‘N Tube method and calculated by Equation 3-3 were averaged
for each pond set and influent for Experiment 1 (Table 4-6).
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Table 4-7. Total nitrogen (mg-N/L) of influent and each pond set averaged from August 29 to
December 7, 2017.
Primary Clarifier
Effluent

Round 1

Round 2
Influent

Round 2

Gamma

Average (mgN/L)

45.9

44.7

33.7

34.0

63.1

Standard Dev.

4.1

7.3

8.1

6.9

20.4

Min. (mg-N/L)

35.7

26.4

22.3

26.2

17.9

Max. (m-Ng/L)

52.8

64.3

47.4

55.5

99.4

Total ammonia nitrogen concentrations are summarized in Table 4-7. The primary clarifier
effluent showed the greatest concentration of TAN. The final step of treatment for the ponds in
series (Round 2) and Gamma ponds saw a large decrease in TAN from the primary clarifier
effluent; with Gamma having the greatest TAN removal at 35mg-N/L. The average Round 1 and
Round 2 Influent TAN concentrations were ~10mg-N/L lower than the Primary Clarifier
Effluent. The Round 1 and Round 2 Influent also had nearly the same TAN concentration, this
was expected as TAN is soluble and the Round 1 settling step should not change the
concentrations of soluble nitrogen forms.
Table 4-8. Total ammonia nitrogen (mg-N/L) of influents and each pond set averaged from
August 29 to December 7, 2017.
Primary Clarifier
Effluent

Round 1

Round 2
Influent

Round 2

Gamma

Average (mgN/L)

38.8

28.3

28.4

2.8

4.1

Standard Dev.

3.4

8.2

8.1

3.6

4.7

Min. (mg-N/L)

28.8

14.3

17.4

0.1

<0.05

Max. (m-Ng/L)

42.4

44.3

41.8

11.4

16.7
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Measured and calculated forms of nitrogen in the primary clarifier effluent are shown in Figure
4-1. TAN is the predominant form of nitrogen present in the primary clarifier effluent, making
up ~84% of the total nitrogen in the influent (Table 4-1). The sum of NO2,3- and ON
concentrations constitute on average ~16%. The red line in the figure, at 10 mg-N/L, is the
maximum concentration of TN needed after bacterial denitrification to meet the typical SWRCB
limit (2007).

60

TN

Nitrogen Concentration (mg-N/L)

NO2,350

TAN
ON

40

30

20

10

0

Figure 4-1: All forms of nitrogen measured and calculated for the primary clarifier effluent sample. The
red line represents final TN goal.

Averaged Round 2 nitrogen constituents are shown in Figure 4-2. The TAN concentration
decreased by 30-40 mg-N/L from what was observed in the source water. TAN was below the 10
mg-N/L line for all sample days except December 7 where the concentration was 11.1 mg-N/L.
The low concentrations of NO2,3- in August and September correspond to a washout of pond
microbial culture event that occurred prior to the first sample date of Experiment 1. Near the end
of September, the rate of NO2,3- concentration increase stabilized, suggesting the existence of a
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steady population of nitrifying bacteria. The organic nitrogen concentration increased by ~10
mg-N/L from the source water. An increase of ON was expected due to the production of algal
cells, which are approximately 8% nitrogen.
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Figure 4-2: All measured and calculated forms of nitrogen averaged for Ponds 5 and 6 of Round 2. The
red line represents the TN goal.

Figure 4-3 shows the forms of nitrogen measured and calculated in the grab samples averaged
for the Gamma set. The TAN concentration fell to less than 10 mg-N/L for all sample dates. Low
NO2,3- concentrations are again observed in August and September before the rate of increase
steadies, the same washout event was responsible for these low values. The TN concentration
peaks around 90 mg-N/L, ~40 mg-N/L greater than peak TN value in the source water. The ON
closely followed the peak and fall of TN because ON was accumulated in the ponds as the
standpipes strained out algal cells from water leaving the ponds increasing the concentration of
TN.
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4-3: All forms of nitrogen measured and calculated for averaged ponds samples of Gamma. The red line
represents final TN goal.

In addition to the above graphs, which detail the nitrogen content in the ponds, it was also of
interest to know the characteristics of the effluent water leaving the ponds. Table 4-9 summarizes
effluent organic nitrogen for the effluent averaged for each pond set calculated by Equations 3-4
and 3-5.
Table 4-9. Effluent organic nitrogen (mg-N/L) averaged for each pond set from August 29 to
December 7, 2017.
Round 1
effluent

Round 2
effluent

Gamma
effluent

Average (mgN/L)
Standard Dev.

17.1

13.7

23.9

1.0

0.1

3.8

Min. (mg-N/L)

16.3

13.7

19.5

Max. (m-Ng/L)

18.2

13.8

26.3

Figure 4-4 shows forms of nitrogen averaged over Experiment 1 for Round 1 and Round 2
influent and effluent. Round 1 influent had high TAN concentrations, little NO2,3- and ~7 mg40

N/L ON. Nearly all of the Round 1 influent nitrogen was accounted for in the effluent. No
substantial increase in NO2,3- was observed from the Round 1 influent to effluent. This result was
expected as the primary purpose for the Round 1 ponds was BOD removal and not ammonia
removal. TAN concentration in the Round 1 effluent decreased by ~10 mg-N/L. This decrease in
TAN is consistent with an approximate 10 mg-N/L increase in organic nitrogen. Consequently
the primary method for ammonia removal for Round 1 was assimilation of nitrogen into algal
and bacterial cells. TN decreased by ~12 mg-N/L between Round 1 effluent and Round 2
influent. TAN and oxidized nitrogen concentrations were consistent while the organic nitrogen
fell. As indicated in Figure 4-4 the decrease in organic nitrogen was due to the removal of algae
settled in the Round 1 settling step.
On average, TAN decreased by ~26 mg-N/L in the Round 2 ponds. the majority of which was
due to nitrification as indicated by the ~20 mg-N/L NO2,3- increase. The remainder of TAN
removal, ~6 mg-N/L, was due to algal assimilation as seen by the increase of ON. TN
concentration of Round 2 effluent exceeded TN in Round 2 influent by ~3 mg-N/L. This increase
in nitrogen was most likely a result of the 28 cm diameter standpipe retaining solids and
accumulating nitrogen in the form of ON.
Overall the concentration of total nitrogen decreased from the Round 1 influent to the Round 2
effluent by 10 mg-N/L. Together, Round 1 and Round 2 removed on average ~36 mg-N/L TAN.
Increased NO2,3- and ON in the Round 2 effluent would, in subsequent steps be removed through
bacterial denitrification and settling or filtration respectively, to achieve the targeted discharge
limit of <10 mg/L TN.
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Figure 4-4: Nitrogen concentration balance on the Round 1 and Round 2 influents and effluents from
August 29 to December 7, 2017. The Round 1 influent bar represents the primary clarifier effluent, the
source water for Round 1 ponds. The supernatant of settled Round 1 effluent serves as the Round 2
influent. The oxidized nitrogen refers to the sum of nitrite-nitrogen and nitrate-nitrogen concentrations.
The increase in total nitrogen concentration from Round 2 influent to Round 2 effluent is a result of
organic nitrogen accumulation from solids retention.

Figure 4-5 shows the nitrogen concentration balance for the Gamma influent and Gamma
effluent averaged from August 29 to December 7, 2017. Influent for Gamma was the primary
clarifier effluent, the same source as Round 1 influent. Gamma ponds removed on average 34
mg/L TAN and increased on average by ~24 and 17 mg-N/L of NO2,3 and ON respectively. The
increase in oxidized nitrogen is again due to nitrification by ammonia oxidizing bacteria.
Nitrification is the main method for ammonia removal with assimilation accounting for the
remaining 11 mg-N/L of TAN removal. The sum of nitrogen forms was ~6 mg/L greater in the
Gamma effluent than the influent. The increase was a result of solids retention from the 10-cm
diameter standpipe leading to accumulation of organic nitrogen.
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Figure 4-5: Nitrogen concentration balance on Gamma influent and effluent for Gamma pond set
operated on a 4 day HRT from August 29 to December 7, 2017. The Gamma influent bar represents the
primary clarifier effluent, which was the source water for the Gamma pond set. The Gamma effluent bar
is averaged for the triplicate ponds. Oxidized nitrogen refers to the sum of nitrite-nitrogen and nitratenitrogen. The increase in the sum of all nitrogen forms in Gamma effluent from Gamma influent is a
result of solids accumulation and increased net productivity.

The relative contribution of nitrification (represented by the increase in NO2,3-) to overall TAN
removal each week for the ponds in series is shown in Figure 4-6. The first two weeks exhibit
minimal nitrification despite having high TAN removal. As stated earlier the low NO2,3concentrations are consistent with the washout event that took place prior to the first sample date
of this experiment. From September 21 to October 12, 2017 only about half of the TAN removal
was removed through nitrification. From October 19 to December 7, 2017 the majority of the
TAN removed was through nitrification. The peak increase in NO2,3- occurred on November 16,
2017; on this date the increase NO2,3- accounted for about 77% of TAN removal. The peak
percentage of increase in NO2,3- responsible for TAN removal occurred on December 7, 2017
and was about 91%. From September 14 to November 2, 2017 nitrification increases steadily.
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The steady increase is a possible indication of steady AOB growth. After November 16, 2017,
the nitrification shows little change indicating a stable population of AOB.

45.0
40.0

Nitrogen Concentration (mg-N/L)

TAN Removal
35.0
Increase in
NO2,3

30.0
25.0
20.0
15.0
10.0
5.0
0.0

Figure 4-6: Side by side comparison of total ammonia nitrogen removed and increase of NO2,3- for the
ponds in series from August 29 to December 7, 2017. TAN removal bars represent the difference between
TAN concentrations in the primary clarifier effluent and Round 2 grab sample. Increase in NO2,3- bars
represent the difference between the concentrations of the sum of nitrite-nitrogen and nitrate-nitrogen
between the Round 2 grab sample and primary clarifier effluent. Error bars are ± standard deviation of
duplicate ponds.

Similarly Figure 4-7 shows a weekly side by side comparison of TAN removal and increase in
NO2,3- concentrations for the primary clarifier effluent treated in the Gamma pond set. As with
the ponds in series in Figure 4-6, little nitrification of the primary clarifier effluent occurred in
the first two weeks so the increases in NO2,3- concentration are low. After the first 4 sample dates
the increase in NO2,3- concentration levels off indicating a stable population of AOB. Beginning
September 28, 2017 nitrification was responsible for over 70% of TAN removal. On December
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7, 2017, the increase in NO2,3- was greater than the concentration of TAN removed. Possible
explanations for this include volatilization of ammonia, or experimental error in conducting the
water quality analysis.
48.5

Nitrogen Concentration (mg-N/L)

43.5
38.5

TAN Removal

33.5

Increase in
NO2,3

28.5
23.5
18.5
13.5
8.5
3.5
-1.5

Figure 4-7: Comparison of TAN removed to increase of NO2,3- from the primary clarifier effluent sample
to the Gamma pond set. TAN removal bars refer to the difference in TAN from the primary clarifier
effluent to average TAN concentration for the Gamma ponds. The increase in NO2,3- is the difference
between the sum of nitrite-nitrogen and nitrate-nitrogen from the average Gamma ponds to the primary
clarifier effluent. Error bars are standard ± standard deviation of triplicate ponds.

As the experiment ran continuously for more than 15 weeks, the ponds were exposed to changing
ambient conditions, including solar radiation. Figure 4-8 shows the concentration of TAN for the
primary clarifier effluent and Round 1 and Round 2 pond sets superimposed with the weekly
average solar radiation. Weekly insolation data were gathered from the California Irrigation
Management Information System. From the figure, the concentration of TAN in Round 1 and
weekly solar radiation appear to be negatively correlated. The correlation between the two
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variables was tested in JMP Pro statistical software and a substantial negative correlation was
found with an R-square = 0.76. With the exception of the August 29, 2017 sample date the
influent TAN concentration was relatively consistent indicating that the decreased TAN
concentration over time was a result of TAN removal. Recalling from Figure 4-4 the primary
method of TAN removal for Round 1 was through assimilation of nitrogen into organic nitrogen.
A second correlation test performed on weekly average solar radiation and Round 1 VSS gave an
R-square = 0.7, a moderately strong correlation.
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Figure 4-8: Concentration of TAN for primary clarifier effluent, Round 1, and Round 2 superimposed
with the weekly average solar radiation on the secondary axis. Weekly average solar radiation values
were obtained from a CIMIS weather station located in San Luis Obispo, CA.

The TAN concentrations for the primary clarifier effluent and Gamma pond set are
superimposed with weekly average solar radiation in Figure 4-9. No obvious relationship
between TAN concentration for Gamma and weekly average solar radiation is apparent. A
correlation test between the two variables gives a weak R-square = 0.07. As demonstrated in
Figure 4-5 the primary method of TAN removal in the Gamma pond set was nitrification. An
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indication that the TAN concentration in the Gamma ponds is not correlated to weekly average
solar radiation because nitrification is not strongly dependent on solar radiation. A correlation
test performed on weekly average solar radiation and change in oxidized nitrogen for the Gamma
pond set gives an R-squared = 0.45, a moderately weak value. A possible reason for why solar
radiation was slightly more correlated to oxidized nitrogen than TAN is that TAN concentration
is dependent on nitrification and assimilation whereas changes in oxidized nitrogen are only
dependent on nitrification.
300

45
250

40

TAN (mg-N/L)

35

200

30
25

150

20
100

15
10

50

5
0

Weekly Average Solar Radiation (W/m2)

50

0

Primary Clarifier Effluent

Gamma (4 Day HRT)

Sol Rad (W/sq.m)

Figure 4-9: Concentration of TAN for primary clarifier effluent and average Gamma pond set
superimposed with weekly average solar radiation on a secondary axis. Insolation data was obtained from
a CIMIS weather station located in San Luis Obispo, CA.

A summary table of all TAN data is presented in Table 4-10. The Gamma and Ponds in Series
data sets detail the concentration of the final effluent for that treatment type. TAN removal
values were calculated using the difference between the primary clarifier effluent and final
effluent. Very little difference of ammonia treatment between the Gamma pond set and Ponds in
Series process was seen.
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Table 4-10. Total ammonia nitrogen concentration, removal and, percent removal for the
primary clarifier effluent, Gamma pond set, and the Ponds in series (Round 1 and Round 2) from
August 29 to December 7, 2017. For TAN removal concentrations and percent the Ponds in
Series presents the data for the difference between the primary clarifier effluent and Round 2.
Primary
Clarifier
Effluent

Gamma

Ponds in
Series

Average TAN (mg-N/L)

38.8

4.1

2.8

Standard deviation of TAN (mg-N/L)

3.4

3.6

3.2

Min. (mg-N/L)

28.8

0.3

0.3

Max. (mg-N/L)

42.4

8.8

11.1

25th Percentile TAN (mg-N/L)

38.9

1.0

0.6

75th Percentile TAN (mg-N/L)

40.2

8.0

4.1

Average TAN removal (mg-N/L)

-

35.2

36.6

Min. TAN removal (mg-N/L)

-

20.1

26.1

Max. TAN removal (mg-N/L)

-

48.1

48.3

Standard deviation of TAN removal (mgN/L)
25th Percentile of TAN removal (mg-N/L)

-

6.3

5.3

-

32.6

35.5

75th Percentile of TAN removal (mg-N/L)

-

38.6

39.2

Average % TAN removal

-

88.4%

92.5%

Standard Deviation of % TAN removal

-

9.8%

7.7%

Min. % TAN removal

-

69.9%

72.8%

Max. % TAN removal

-

99.2%

99.2%

25th Percentile of % TAN removal

-

80.9%

90.3%

75th Percentile of % TAN removal

-

97.6%

98.5%

The TAN removal (mg-N/L) for the Gamma and Ponds in Series effluent for each sample date is
seen in Figure 4-10. A significant amount of overlap is seen between the two data series. JMP
Pro statistical software was used to perform several unpaired t-test to determine if there was any
significant difference in ammonia removal for a single round of treatment, Gamma, or 2 rounds
of treatment with an intermediate settling step, Ponds in Series. No statistical significant
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difference was found between two treatment methods for TAN (mg-N/L) removal (t = -0.64, DF
= 23.3, P =0.28), % TAN removal (t = -1.18, DF = 22.6, P = 0.25), and TAN (mg-N/L) of final
effluent (t = 1.11, DF = 23.6, P = 0.28).
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Figure 4-10: Ammonia removal from the primary clarifier effluent by the Gamma and Ponds in Series
treatment methods. Error bars represent the standard deviation between triplicate and duplicate ponds
averaged for Gamma and Round 2 of the Ponds in Series respectively.

In addition to examining TAN concentration, the calculation of unionized ammonia
concentration was also essential to assess the treatment of the primary clarifier effluent. The
unionized form of ammonia (NH3) is more toxic than the ionized form (NH4+) (SWRCB, 2010).
The SLOWRRF discharge permit requires that the effluent water have less than 0.025 mg-N/L of
unionized ammonia (CCRWQCB, 2014). The unionized ammonia concentration for the effluent
of the ponds in series and Gamma pond set was calculated to determine if these modes of
treatment met discharge restrictions. Equation 4-1 calculated the percent of unionized ammonia
in the pond water. This percentage was then multiplied by the measured TAN concentrations to
determine the concentration of unionized ammonia in the effluent water (Equation 4-2).
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𝛼 = % 𝑈𝑛𝑖𝑜𝑛𝑖𝑧𝑒𝑑 𝑁𝐻3 =

100

Equation 4-1.

1+10(𝑝𝐾𝑎 −𝑝𝐻)

Where α = fraction of unionized ammonia
𝑈𝑛𝑖𝑜𝑛𝑖𝑧𝑒𝑑 𝑁𝐻3 (

𝑚𝑔−𝑁
𝐿

) = 𝛼 × 𝑇𝐴𝑁 (

𝑚𝑔−𝑁
𝐿

)

Equation 4-2.

Where α = fraction of unionized ammonia
The concentration of unionized ammonia for the ponds in series and Gamma is shown in Figure
4-11 and the red line represents the 0.025 unionized ammonia (mg-N/L) attainment level. Round
2 effluent was below the maximum unionized ammonia level in 7 out of 12 sample dates, and the
Gamma effluent was below the attainment level in 5 out of 12 sample dates. Both the Gamma
and Round 2 pond sets more consistently failed to meet attainment in the later months of the
year. While the Ponds in Series were in attainment more often than the Gamma ponds an
unpaired t-test showed no statistical significant difference between the treatment methods (t =0.9, DF=16.2, P=0.38).
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Figure 4-11: Concentration of unionized ammonia in the Round 2 and Gamma pond sets. The red line represents the
0.025 unionized ammonia (mg-N/L) limit set forth by California Water Boards for the SLO WRRF.

4.2.2 Ponds in Series Experiment 1 BOD Treatment
Concentrations of soluble carbonaceous 5-day BOD (scBOD5) were measured in both the Ponds
in Series and Gamma pond set to determine if one configuration could more effectively reduce
the scBOD5 concentration than the other. Figure 4-12 shows the concentration of scBOD5 (mg/L)
for the influent, which was the primary clarifier effluent, Round 1 and Round 2. The influent
concentration of scBOD5 wass much higher than that of the Round 1 and Round 2 ponds and is
displayed on the secondary axis. The Round 1 pond set removed on average about 89 mg/L of
scBOD5 and the Round 2 pond set removed an additional 5 mg/L on average. The final effluent
of the Ponds in Series (Round 2) had an average scBOD5 concentration of 3 mg/L.
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Figure 4-12: Concentration of scBOD5 in the Round 1 and Round 2 Ponds in Series and the Influent
source water. The primary clarifier effluent served as the Influent water for Round 1. Influent water
concentrations are displayed on the secondary axis on the right. Error bars represent the ± standard
deviation between the pond triplicates and duplicates for Round 1 and Round 2 respectively.

Figure 4-13 displays the scBOD5 concentrations for the average Gamma pond set and the
primary clarifier effluent. The secondary axis corresponds to the influent concentration which on
average was ~91 mg/L higher than that of the Gamma pond set. The Gamma pond set had an
average scBOD5 concentration of 2.5 mg/L and a removal of 94 mg/L.
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Figure 4-13: Gamma Influent and Gamma pond set scBOD5 concentration. The primary clarifier effluent
served as the Influent for Gamma and is displayed on the secondary axis on the right. The error bars
represent the ± standard deviation of the Gamma triplicate ponds.

The percent removal of scBOD5 was also determined as the SLO WRRF discharge permit
requires an 85% removal of BOD before discharge into the San Luis Obispo creek (CCRWQCB,
2014). While the total BOD5 for the influent was measured only soluble BOD5 was measured for
all pond samples and the percent removal values shown in Figure 4-14 are for scBOD5 removal
only. It was assumed that much of the total BOD5 could easily be removed through settling and
filtration, consequently scBOD5 was the parameter of concern. This assumption is supported by
previous research conducted for Parker thesis (In Progress). The red line indicates the 85%
removal attainment level. For all sample dates both Gamma and the Ponds in Series met and
exceeded the minimum percent removal. The Gamma pond set removed an average of 98% of all
scBOD5 and the Ponds in Series removed an average of 97%.
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Figure 4-14: Percent removal of scBOD5 of the primary clarifier effluent by the Ponds in Series and
Gamma. The Ponds in Series data set represents the sum percentage of scBOD5 removed by Round 1 and
Round 2. The Gama data set was averaged from the triplicate Gamma ponds. The red line represents the
85% removal of BOD5 mandated by the California State Water Resources Control Board. Error

bars are ± standard deviation between the different ponds within the Round 1, Round 2 and
Gamma pond set.
To determine if the Ponds in Series treatment method was more efficient at treating scBOD5 than
the single round of treatment unpaired t-tests were performed in JMP Pro statistical software to
compare the difference of several means. Table 4-11 is a summary table including the different
parameters that were analyzed in JMP Pro. No statistically significant difference was found
between the Ponds in Series treatment method and the single round of treatment for final
scBOD5 concentration (t = -1.12, df = 13.9, P = 0.24), scBOD5 removal (mg/L) (t = 0.06, df =
15.9, P = 0.95), and percent removal of scBOD5 (t = 1.4, df = 17.9, P = 0.17).
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Table 4-11. scBOD5 concentration, removal concentration, and percent removal for the primary
clarifier effluent, Gamma pond set and the Ponds in Series from August 29 to December 7, 2017.
The Ponds in Series data corresponds to Round 1 and Round 2 with the intermediate settling
step. The Gamma and Ponds in Series data presented is based on final effluent samples.
Primary Clarifier
Effluent

Gamma

Ponds in
Series

Avg. scBOD5 (mg/L)

96.2

2.5

2.9

Min scBOD5 (mg/L)

64.6

1.7

2.0

Max scBOD5 (mg/L)

111.9

3.6

4.9

Standard deviation of scBOD5 (mg/L)

17.6

0.6

0.8

Avg. scBOD5 removal (mg/L)

-

97.3

96.8

Min scBOD5 removal (mg/L)

-

61.0

59.6

Max scBOD5 removal (mg/L)

-

109.5

109.3

Standard deviation of scBOD5 removal
(mg/L)

-

15.0

15.2

25th percentile of scBOD5 removal
(mg/L)
75th percentile of scBOD5 removal
(mg/L)
Avg. scBOD5 % Removal

-

94.6

92.2

-

106.4

105.4

-

97.5%

96.9%

Min. scBOD5 % removal

-

94.5%

92.4%

Max. scBOD5 % removal

-

98.4%

98.1%

Standard deviation of scBOD5 %
removal
25th percentile of scBOD5 % removal

-

1.2%

1.8%

-

97.6%

97.2%

75th percentile of scBOD5 % removal

-

98.1%

97.7%

4.3

Experiment 2, Nitrification Modeling

To improve design and operation of raceway wastewater treatment technology the biological
processes needed to be better understood, specifically those processes that affected the rate of
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nitrification. Principles of microbial growth kinetics were used to model the rate of nitrification
in the Round 2 ponds of the Ponds in Series and in the Gamma ponds. In nitrification the
bacterial genera of interest are Nitrosomonas and Nitrobacter. Both of these genera are aerobic
chemoautotrophic bacteria that use carbon dioxide as a carbon source and oxidize either NH4-N
or NO2-N to gain cell energy, these bacteria are also referred to as ammonia oxidizing bacteria
(AOB) (USEPA, 2010). Nitrosomonas, which is responsible for the conversion of ammonium to
nitrite, has a much lower growth rate than Nitrobacter. Consequently the conversion of
ammonium to nitrite is the rate-limiting step in nitrification and is used to model the nitrification
rate (USEPA, 2010). In addition to modeling the potential nitrification rate, the rate of observed
nitrification in the ponds was calculated and compared to the potential modeled rate.
4.3.1 Monod Kinetics
The Monod expression models the growth rate of bacteria wherein the limiting substrate is in a
dissolved form. Substrate utilization rate is high when the substrate concentration is high, during
times of maximum substrate utilization rate bacterial growth is also at its maximum rate (Metcalf
& Eddy, 2003). Nitrification was modeled with data from December 21, 2017 to March 22,
2018.
4.3.1.1 Data for Nitrification Model
TAN data for the Round 2 pond grab samples are shown in Figure 4-15. TAN concentrations
were consistent among the triplicate ponds of Round 2 for most weeks. TAN values in all ponds
were low, with peak TAN seen on March 22, 2018. Because the concentration of TAN was seen
to be so low it was considered to be limiting and was incorporated into the nitrification rate
model.
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Figure 4-15: Total ammonia nitrogen concentration for each Round 2 pond.

TAN data for the Gamma pond grab samples are shown in Figure 4-16. Ponds 8 and 9 show little
variation in TAN concentration from one another. Pond 7 on the majority of sample dates is
substantially higher than the other 2 Gamma ponds. While Gamma had a higher average TAN
concentration than Round 2, there were still many sample dates where the concentration of TAN
was very low for all ponds. As such, ammonia was considered to be a limiting substrate for the
growth of ammonia oxidizing bacteria. A spike in TAN occurred on February 1, 2018 for all
Gamma ponds. This was a result of a pond mixing event on January 30, 2018; Pond 7 was
drained and all the pond water of Pond 8 was transferred into Pond 7 and half of the volume of
Pond 9 was transferred into Pond 8. Ponds 8 and 9 then filled up with primary clarifier effluent
causing increased TAN concentrations.
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Figure 4-16: Total ammonia nitrogen concentration for each Gamma pond.

The equation that was used to model nitrification rate, and is elaborated on in the following
section, requires NH4+-N concentration; however, because the ponds were kept at a fairly neutral
pH unionized ammonia accounts for a very small percent of TAN and is ignored in this model.
The pH of all Round 2 ponds is shown in Figure 4-17 and pH of the Gamma ponds is shown in
Figure 4-18. pH were measured on the same day as the sample date within a few hours of sample
collection.
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Figure 4-17: pH of all Round 2 pond grab samples. pH was measured in the laboratory.
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Figure 4-18: pH of all Gamma pond grab samples. pH was measured in the laboratory.

Temperature data was measured and logged hourly for each pond by the Neptune SCADA
system. All temperature data for the entire duration of the sample collection period can be found
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in Appendix B. The ponds exhibited diurnal patterns in temperature. An example of the
temperature fluctuations observed over the course of 48 hours is shown in Figure 4-19, for Pond
9 from February 1 to February 2, 2018.
17
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2/3/18 0:00
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2/2/18 0:00

2/1/18 18:00

2/1/18 12:00

2/1/18 6:00

2/1/18 0:00

1/31/18 18:00

9

Figure 4-19: Pond temperature for Pond 9 measured on the hour by the Neptune SCADA system.

The dissolved oxygen percent saturation was also measured and logged on the hour for each
pond by the Neptune SCADA system and was converted to mg/L (Appendix C) as described
earlier. Similar to pond temperature, the dissolved oxygen in the ponds followed a diurnal
pattern. During hours of sunlight while algae were active and photosynthesizing the
concentration of DO was high, but during the night when the algae were unable to
photosynthesize the DO dropped drastically. An example of this phenomenon over the course of
48 hours is observed in Figure 4-20 for pond 9 from February 1 to February 2, 2018. DO peaks
close to or past 100% saturation around 12 pm both days. Lowest DO occurred from 6 pm to 11
pm. After 11pm it was suspected that DO increased due to both oxygen provided through
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aeration and also because it was several hours after influent flow to the ponds had stopped and
DO was no longer being depleted from BOD loading.
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Figure 4-20: Dissolved oxygen measured in percent saturation by the Neptune SCADA system for Pond
9.

The rate of nitrification was modeled following Monod bacterial growth kinetics shown in
Equation 4-3 below. This model is used by the EPA to model the rate of nitrification for
suspended growth systems when DO and NH4+-N concentrations are limiting.

𝑟𝑁𝐻 = [

𝜇𝑚𝑎𝑥,𝐴𝑂𝐵
𝑌𝐴𝑂𝐵

][

𝑆𝑁𝐻
𝑆𝑁𝐻 + 𝐾𝑁𝐻

][

𝑆∘

𝑆∘ +𝐾∘,𝐴𝑂𝐵

] 𝑋𝐴𝑂𝐵

Equation 4-3.

Where:
𝑟𝑁𝐻 = NH4+-N oxidation rate, mg/L-day
𝜇𝑚𝑎𝑥,𝐴𝑂𝐵 = Maximum specific growth rate of AOB
𝑌𝐴𝑂𝐵 = Yield of AOB
𝑆𝑁𝐻 = NH4+-N concentration, mg/L
𝐾𝑁𝐻 = Half velocity coefficient for NH4+-N, mg/L
𝑆∘ = DO concentration, mg/L
61

𝐾∘,𝐴𝑂𝐵 = Half-velocity coefficient for DO for AOB, mg/L
𝑋𝐴𝑂𝐵 = AOB concentration, mg/L
Many different values for the variables used in the nitrification model have been observed and
reported in literature. The large range in values is a result of substantial differences including
data analysis methods, activated sludge characteristics, and operating conditions. Using a single
kinetic parameter from multiple studies is not valid because kinetic values are related to the other
kinetic values used in the nitrification model (USEPA, 2010). The values used in this analysis
are all from the same study and are shown in Table 4-12 for a temperature of 20 ºC.
Table 4-12. Typical literature values at 20 ºC reported for the different parameters used in the
Monod nitrification model (USEPA, 2010).
Parameter

Units

Value

Maximum specific growth
rate of AOB, µmax
Yield of AOB, Y

g VSS/g N oxidized

0.9

g VSS/g VSS-day

0.15

Half velocity coefficient for
NH4+-N, KNH
Half velocity coefficient for
DO for AOB, 𝐾∘,𝐴𝑂𝐵

mg/L

0.7

mg/L

0.5

The rate of nitrification is largely dependent on temperature, consequently it was necessary to
correct values presented in table 4-12 for temperature. The Arrhenius equation was used to find
the temperature corrected value (Equation 4-4).
𝑋𝑇 = 𝑋20 (𝜃)(𝑇−20)

Equation 4-4.

Where:
XT = Value of parameter at specific temperature
X20 = Value of parameter at 20 ºC
θ = Temperature correction value
T = Specific temperature
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As with the parameters presented in Table 4-12 the temperature correction values reported in
literature have substantial variation. The temperature correction factors used are from the same
study as the kinetic parameters from Table 4-12 and are shown in table 4-13.
Table 4-13. Temperature correction values used in Arrhenius-type equation (USEPA, 2010).
Temperature Correction Value, θ

Parameter
Maximum specific growth rate of
AOB, µmax
Yield of AOB, Y

1.072
1.0

Half velocity coefficient for NH4+-N,
KNH
Half velocity coefficient for DO for
AOB, 𝐾∘,𝐴𝑂𝐵

1.0
1.0

The AOB concentration (XAOB) in the ponds could not be directly represented as measured VSS
because the VSS also included algae and other organic material that was not AOB. XAOB was
instead determined by Equation 4-5 below (USEPA, 2010).

𝑋𝐴𝑂𝐵 =

𝑄(𝑌𝐴𝑂𝐵 )(𝑁𝑂2,3 − )𝑆𝑅𝑇
𝑉(1+𝑏𝐴𝑂𝐵 𝑆𝑅𝑇)

Equation 4-5.

Where:
XAOB = AOB concentration, mg/L
Q = Average daily influent flow, L/day
NO2,3- = Sum of NO2- and NO3- in the pond, mg-N/L
SRT = Solids retention time, days
V = Volume of pond containing AOB, L
bAOB = Specific endogenous decay rate of AOB
The yield (YAOB) of Equation 4-5 was the same yield of equation 4-3. A specific endogenous
decay rate (bAOB) of 0.17 and corresponding temperature correction value of 1.029 were used
(USEPA, 2010). Each pond was 33 m2 with a water column depth of ~30 cm for a total volume
of ~1,000L. The solids retention time varied each week and was dependent on HRT, pond TSS,
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and effluent TSS. The equation used to calculate SRT for Gamma ponds is shown in Equation 46.
𝑆𝑅𝑇 (𝑑𝑎𝑦𝑠) = 𝐻𝑅𝑇(𝑑𝑎𝑦𝑠) × (

𝑚𝑔⁄
𝐿
𝑚𝑔⁄ )
𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑇𝑆𝑆
𝐿
𝑃𝑜𝑛𝑑 𝑇𝑆𝑆

Equation 4-6.

Equation 4-6 was not used for Round 2 because the effluent TSS values were not representative
of what was leaving the ponds. The 28 cm diameter standpipes in Round 2 were not effective in
retaining solids as such it was assumed that the SRT was equal to the HRT for Equation 45.Values for influent flow (Q) and HRT used in Equations 4-5 and 4-6 are shown in Table 4-14
below.
Table 4-14. Daily influent flow and HRT for Gamma ponds and Round 2 ponds from December
21, 2017 to March 22, 2018.
Gamma

Round 2

Influent flow (L/day) 12/21/2017

2,520

2,520

Influent flow (L/day) 1/4/2018 –
3/22/2018

2,520

3,352

HRT (days) 12/21/2017-1/4/2018

4

4

4

3

HRT (days)
1/4/2018 – 3/22/2018

The concentrations of NO2,3-, pond TSS and effluent TSS needed to calculate XAOB and SRT
were different in each pond and varied each week. Figures 4-21 through 4-24 show the
concentrations of each necessary water quality parameter to calculate rate of nitrification for
Round 2 and Gamma ponds. Pond grab TSS and effluent TSS were omitted for the sample date
of February 8, 2018 for all ponds because of an error with the balances used in the suspended
solids test. The effects of the pond mixing event on February 1, 2018 are demonstrated in Figure
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4-22 with decreased NO2,3- concentration. Effluent TSS data was not available for Ponds 8 and 9
on February 1, 2018 because the ponds had not filled up enough to flow over the standpipe.
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Figure 4-21: Sum of nitrite-nitrogen and nitrate-nitrogen in each Round 2 pond.
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Figure 4-22: Sum of nitrite-nitrogen and nitrate-nitrogen in each Gamma pond. Decrease in NO2,3- on
February 1, 2018 is a result of pond mixing event.
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Figure 4-23: Total suspended solids concentration of grab samples for each Gamma pond. Data from
February 8, 2018 was omitted because of instrument error in analytical test.
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4-24: Total suspended solids in the effluent water of each Gamma pond. There was no effluent for Ponds
8 and 9 on February 1, 2018 because of pond mixing event. Data from February 8, 2018 was omitted
because of instrument error in analytical test.

The weekly nitrification rate was determined for Round 2 and Gamma ponds using hourly DO
and temperature data as well as weekly TAN, TSS, and NO2,3- data. The first 3 terms of Equation
4-3 were calculated hourly first. Because only weekly TAN data were available the weekly TAN
value was assumed for all hours of the week; this allowed for the half velocity coefficient to be
temperature corrected each hour. Next the hourly values of the three terms were averaged to a
single point for the week and multiplied by weekly XAOB, which was calculated by Equation 4-5.
Figure 4-25 shows the potential nitrification rates for the three Gamma ponds. The average rate
of nitrification was highest for Pond 7 at 10.7 mg-N/L-day closely followed by Pond 8 with an
average rate of nitrification of 9 mg-N/L-day. Pond 9 exhibited the lowest potential rate of
nitrification at 6 mg-N/L-day. It was expected that Pond 7 would have the highest potential rate
of nitrification as the TAN and DO concentrations were highest in this pond.
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4-25: Potential rate of nitrification, expressed as NH4+-N oxidized in terms of mg-N/L-day, averaged
weekly for all Gamma ponds. Rates were determined through a Monod model that assumed DO and
NH4+-N concentrations were limiting in the ponds.

The average potential rate of nitrification between the Round 2 ponds had little variance.
Possible reason may have been because the SRT for all ponds was the same as it was assumed to
be equal to the HRT. Both Pond 4 and Pond 6 had an average rate of ~3 mg-N/L-day and Pond 5
was only ~1 mg-N/L-day higher with an average of 4 mg-N/L-day.
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Figure 4-26: Potential rate of nitrification, expressed as NH4+-N oxidized in terms of mg-N/L-day,
averaged weekly for all Round 2 ponds. Rates were determined through a Monod model that assumed DO
and NH4+-N concentrations were limiting in the ponds.

Overall the potential rate of nitrification was higher for the Gamma ponds than for Round 2. This
was expected as the Gamma ponds did on average have higher TAN concentration by several
mg-N/L and similar average DO. The potential rates of nitrification that were found using the
model could vary substantially from actual nitrification rates. As mentioned earlier the
coefficients and temperature correction values used were typical for what was found in the
literature but have been seen to differ a lot for different aeration basins. To better approximate
the rate of nitrification using the Monod model coefficients, specific for the ponds would need to
be found.
4.3.2 Measured Nitrification
Using measured data, actual rates of nitrification in the ponds were approximated. To determine
an equation for measured nitrification rate, the conversion of the different nitrogen forms in the
influent and ponds were evaluated. Possible nitrogen conversions in the ponds are represented in
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Figure 4-27. In raceway ponds the largest nitrogen transformation was from TAN to NO2,3-,
followed by assimilation of TAN into ON. For the purposes of quantifying the measured
nitrification rate the effects of TAN volatilization, NO2,3- denitrification, and NO2,3- assimilation
were minimal and ignored.

Figure 4-27: All possible nitrogen conversions that take place when primary clarifier effluent is fed to
algal raceway ponds. Proportions approximate the observed concentrations in Round 2 and Gamma
ponds. Effects of NO2,3- assimilation were assumed to be minimal and ignored as the concentration of
NO2,3- in the influent was minimal.

The assumption that volatilization and denitrification are minimal enough to be ignored for
Gamma is supported by Figure 4-28. The stacked bar graphs are the averaged concentrations of
nitrogen forms for the Gamma Influent and Gamma ponds from December 21, 2017 to March
22, 2018. There was no loss of nitrogen from the Gamma Influent to the Gamma ponds. There
was an increase in nitrogen due to accumulation of organic nitrogen by the retention of solids.
Subtracting the organic nitrogen accumulated in the ponds, the concentration of nitrogen in the
influent and pond are approximately equivalent.
70

Organic Nitrogen
accumulated through
retention
Organic Nitrogen

Nitrogen Concentration (mg-N/L)

60
50

Oxidized Nitrogen

40

Total Ammonia
Nitrogen

30
20
10
0
Gamma Influent

Gamma

Figure 4-28: Nitrogen concentration balance on the Gamma Influent and Gamma ponds from December
21, 2017 to March 22, 2018. The increase in concentration of nitrogen is a result of solids retention.

Similarly the assumption that volatilization and denitrification losses were minimal for Round 2
is supported by Figure 4-29 in a nitrogen balance for Round 2 Influent and Round 2 ponds from
December 21, 2017 to March 22, 2018. An approximate 5 mg-N/L increase of nitrogen is seen
from the Round 2 Influent to the Round 2 pond. As stated earlier the Round 2 standpipes were
not as effective at solids retention as the Gamma ponds, the effluent TSS was frequently greater
or equal to the pond grab TSS. Consequently it was assumed that error in water quality analysis
was primarily responsible for the increase and a minor contribution was made by accumulated
organic nitrogen.
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Figure 4-29: Nitrogen concentration balance on the Round 2 Influent and Round 2 ponds from December
21, 2017 to March 22, 2018. The ~5mg-N/L increase in nitrogen from the influent to the pond could be
due to organic nitrogen accumulation or error in analytical tests.

Ignoring the effects of NO2,3- assimilation was valid as concentrations of NO2,3- in the Gamma
influent and Round 2 influent were on average less than 3 mg-N/L and 2 mg-N/L, respectively.
Additionally algae and autotrophic bacteria prefer NH3-N to NO3—N for cell synthesis (Mayo &
Mutamba, 2005).
From the nitrogen conversions presented in Figure 4-29 and the assumptions that volatilization,
denitrification, and assimilation of NO2,3- were minimal, Equation 4-7 calculated the rate of
nitrification observed in the Gamma ponds. TKNin refers to the concentration of total kjeldahl
nitrogen TKN present in the influent and the TKNout refers to the concentration of TKN in the
effluent samples. TAN values were the same used in the Monod nitrification model and are
shown in Figure 4-16.
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𝑁𝐻4 + 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 (

𝑚𝑔−𝑁
𝐿−𝑑𝑎𝑦

Where:
𝑇𝐾𝑁(

) =

𝑚𝑔−𝑁⁄
𝑚𝑔−𝑁⁄
𝑇𝐾𝑁𝑖𝑛 (
𝐿 ) − 𝑇𝐾𝑁𝑜𝑢𝑡 (
𝐿)
𝐻𝑅𝑇(𝑑𝑎𝑦𝑠)

Equation 4-7.

𝑚𝑔 − 𝑁
𝑚𝑔 − 𝑁
𝑚𝑔 − 𝑁
) = 𝑇𝐴𝑁(
) + 𝑂𝑁(
)
𝐿
𝐿
𝐿

Acceptable TN data were not available for most sample days. Consequently the ON values were
calculated by multiplying the effluent VSS concentration by the nitrogen content expected for
organic matter. For the primary clarifier effluent, the median ON/VSS value, 0.14, found in
Experiment 1 (Table 4-4) was applied. For the Gamma ponds, 0.07 was applied as this was the
mode of ON/VSS from Experiment 1 (Table 4-4). The calculation used to find ON is shown
below in Equation 4-8. Calculated Gamma and influent ON from December 21, 2017 to March
22, 2018 are shown in Figure 4-30.
𝑂𝑁 (

𝑚𝑔 − 𝑁⁄
𝑚𝑔
𝐿) = 𝐸𝑓𝑓. 𝑉𝑆𝑆 ( ⁄𝐿) × 𝑛

Equation 4-8.

Where:
n = 0.14 for influent and 0.07 for Gamma effluent
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Figure 4-30. Organic nitrogen concentration of the primary clarifier effluent and the Gamma ponds. The
primary clarifier effluent served as the influent for Gamma ponds.

Using TAN and ON the rate of TKN removal, a substitute for the nitrification rate was found for
all Gamma Ponds. Figure 4-31 shows the rate of nitrification for all Gamma ponds. Averaging
among each triplicate set, as was done for Experiment 1, was avoided because the rates of
nitrification were very dependent on TAN and VSS which would introduce additional standard
deviation. Maximum rate of TKN removal for Pond 8 and 9 is ~10.4 mg-N/L-day and 8.5 mgN/L-day for Pond 7. On average Ponds 7, 8, and 9 had average TKN removal rates of 5.5, 7.2,
and 6.7 mg-N/L-day respectively. It was expected that TKN removal rate of Ponds 8 and 9
would be greater than Pond 7 because both Pond 8 & 9 had standpipes, which promoted solids
retention leading to a longer SRT than Pond 7 which had a lower SRT because the effluent was
pumped out. On March 22, 2018 TKN removal rate for all Gamma ponds decreases
substantially, this is consistent with the decrease in NO2,3- that occurs on the same day (Figure 422).
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Figure 4-31. The rate of TKN removal, which served as a substitute for the rate of nitrification, for all
Gamma ponds. Data on February 8, 2018 was omitted because of an instrument error in the water quality
analysis.

As stated earlier the Round 2 28 cm diameter standpipes did not effectively retain solids. This
caused problems when collecting effluent samples and led to erroneous effluent VSS values,
which are needed to calculate effluent ON. Because there was not sufficient data to solve
Equation 4-7 for the Round 2 ponds, different assumptions were made to determine what the rate
of nitrification was for the Round 2 ponds. Equation 4-9 calculated the measured rate of
nitrification for the Round 2 ponds. Instead of using the difference in TKN, as in the Gamma
ponds, the substitute for nitrification rate in Round 2 calculated the rate of NO2,3- increase from
the influent to effluent. This equation assumed that denitrification losses and assimilation of
NO2,3- were minimal and could be ignored, supported by Figure 4-29.
𝑚𝑔−𝑁
𝑁𝑂2,3 − (𝐿−𝑑𝑎𝑦 )

=

(𝑁𝑂2,3 − 𝑂𝑈𝑇 )−(𝑁𝑂2,3 − 𝐼𝑁 )
𝐻𝑅𝑇
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Equation 4-9.

The sum of nitrite-nitrogen and nitrate-nitrogen data were presented earlier in Figure 4-21.
Figure 4-32 shows NO2,3- as nitrogen and TAN as nitrogen for the Round 2 influent. The
decrease in NO2,3- that occurred on sample dates of March 1, and March 22, 2018 coincide with
precipitation events (Appendix D).
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Figure 4-32. NO2,3- as nitrogen and TAN as nitrogen Round 2 influent.

The rate of NO2,3- increase for the Round 2 ponds is shown in Figure 4-33.Variation was seen
among the triplicate ponds for difference in NO2,3- over the course of the sampling period.
Maximum increase in NO2,3- was observed on February 1, 2018 for Ponds 4 and 6 and February
8, 2018 for Pond 5. Maximum rates were 10.7, 11.3, and 11.5 mg-N/L-day for Ponds 4, 5 and 6
respectively. Lowest rates for all ponds occurred on March 22, 2018, where the rates were 1.8,
2.7, and 2.0 mg-N/L-day for Ponds 4, 5 and 6 respectively. Beginning February 15, 2018 the rate
of change of NO2,3- follows a general downward trend for all ponds. This same downward trend
after February 15, 2015 was seen in the TAN concentration of the Round 2 influent (Figure 4-
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34). The decrease in rate of change of NO2,3- is likely due to several precipitation events that
resulted in decreased concentrations of TAN in influent and decreased NO2,3- in the ponds.
14

Pond 4

Rate of NO2,3- increase (mg-N/L-day)

Pond 5
12

Pond 6

10
8
6
4
2
0
15-Dec-17

31-Dec-17

16-Jan-18

1-Feb-18

17-Feb-18

5-Mar-18

21-Mar-18

Figure 4-33. The difference in sum of nitrite-nitrogen and nitrate-nitrogen from the Round 2 influent to
the effluent of each Round 2 pond.

4.3.3 Comparison of Nitrification Rates
Observed rates of nitrification were compared to potential rates of nitrification as determined by
the Monod model. Nitrification rates determined from the Monod model in theory give the
highest possible rate of nitrification for the concentration of DO and ammonia in the ponds.
The TKN removal rate expressed as a percent of the potential nitrification rate found with the
Monod model for the Gamma ponds is shown in Figure 4-35. The nitrification rate observed in
Pond 7 for all sample dates was less than the potential nitrification rate and averaged 52% of the
potential nitrification rate. The measured nitrification rates for Ponds 8 and 9 exceeded the
potential on several sample dates. Pond 8 was above 100% for 3 of the 11 sample dates and Pond
9 was above 100% 8 of the 11 sample dates. The concentration of pond TKN was more similar
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to the concentration of effluent TKN in the effluent for Pond 7 than Ponds 8 & 9 because the
effluent was pumped. The effluent TKN for Ponds 8 & 9 was less than the TKN in the pond and
this may have led to an overestimation of TKN removal rate, which explains why the measured
nitrification rate was greater than potential nitrification.
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Figure 4-34. The TKN removal rate observed in the Gamma ponds expressed as a percent of the
nitrification rates determined by the Monod model. Data from February 1, 2018 were omitted because
there was no Pond 8 and 9 effluent. Data on February 1, 2018 were omitted because of an analytical error.

Figure 4-36 expresses the change in rate of NO2,3- as a percentage of the potential rate of
nitrification for the Round 2 ponds. The change in rate of NO2,3- was greater than the potential
rate of nitrification for all Round 2 ponds on all sample dates with the exception of March 22,
2018. Prior to February 15, 2018, the ponds varied greatly from one another; thereafter the
variation between the triplicate set was less pronounced. The percent of change in rate of NO2,3expressed as potential nitrification rate also decreased after this sample date. The potential rate of
nitrification (Figure 4-28) on average increased while the rate of change of NO2,3- (Figure 4-33)
decreased. Because rate of change of NO2,3- was a substitute for nitrification rate it would be
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expected that increases and decreases for the two methods of measuring nitrification would occur
on the same sample dates.
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Figure 4-35. The rate of nitrification in the Round 2 ponds expressed as a percent of the nitrification rate
determined by the Monod model.

A measured nitrification rate greater than the potential rate suggests error in one or both of the
methods for calculating the rate of nitrification. Limitations of the Monod model come from only
having water quality data for a single point in the entire week. Additionally sampling was
performed in the morning shortly after the feed time began for the ponds, consequently the TAN
concentrations measured may have been artificially low and not representative of the TAN
concentration over the course of a day. As stated earlier, there is also significant variation in the
coefficients used for the Monod model and while typical values were chosen these may not have
been appropriate for these particular ponds. Possible error in the measured nitrification rate could
have been because of insufficient data points or that the assumptions for volatilization,
denitrification, and assimilation were not valid. Similarly those assumptions may have been
invalid for measuring the rate of change of NO2,3-.
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Overall the measured nitrification rates for the Gamma ponds fit the constraints of the potential
nitrification rates better than the Round 2 ponds. This is not surprising as the Gamma ponds were
operated more similarly to conventional aeration basins than Round 2 ponds. Suspended growth
systems typically achieve both BOD removal and nitrification in the same aeration basin
(USEPA, 2010). The Gamma ponds were operated in this manner, but the Round 2 ponds were
not as Round 1 removed a significant amount of influent BOD. Additionally the model did not
take into account the possible growth of AOB in the Round 1 ponds.
The Ponds in Series experimental set up is equivalent to a series of aeration tanks, aeration tanks
in series can reduce the SRT needed for complete nitrification (Metcalf & Eddy, 2003). As such
the potential nitrification rate should be higher for Round 2 than Gamma, which was the opposite
of what was found with the nitrification model (Figures 4-27 and 4-28). In comparing the
substitutes of measured nitrification rates the rate of change of NO2,3- for Round 2 was greater
than the rate of change of TKN for Gamma. This is consistent with the reduced SRT for aeration
tanks in series.
5

Conclusions

The main objectives of this study were to increase TAN removal from municipal wastewater and
determine rates of TAN removal. The experiments performed and the goals of each experiment
are as follows:
1. Experiment 1, Ponds in Series compared BOD and ammonia removal in a single round of
raceway ponds versus 2 rounds of raceway ponds. The single round of treatment ponds, Gamma,
were all operated at a 4 day HRT. Each pond set of the 2 round treatment, Ponds in Series, were
operated at a 2 day HRT totaling 4 days from August 29, 2017 to December 7, 2017. BOD,
different nitrogen constituents, and suspended solids concentrations were measured weekly. It
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was expected that the Ponds in Series would achieve greater BOD and ammonia removal than
Gamma.
2. Experiment 2, Nitrification Model modeled the rates of nitrification for Gamma and Round 2
ponds. The Monod model typically used in nitrification modeling for activated sludge processes
was used and utilized DO, pH and, temperature data logged by the SCADA system. Additionally
substitutes for nitrification rates, TAN removal rate and NO2,3- increase rate, observed in the
ponds were developed and compared to the potential rates of nitrification found using the Monod
model. It was expected that the nitrification rate found using the Monod model would be greater
than the substitutes used. For the duration of Experiment 2, December 21, 2017 to March 22,
2018, the Gamma ponds were operated at a 4 day HRT and Round 2 ponds at a 4 day HRT for
the sample date of December 2, 20171 and at a 3 day HRT thereafter.
5.1

Experimental Conclusions

The conclusions from Experiment 1 and 2 as defined above are as follows:
5.1.1 Experiment 1: Ponds in Series
scBOD5 removal for Ponds in Series and Gamma were 97.3 ± 15.0 mg/L and 96.8 ± 15.2 mg/L
(mean ± SD), respectively. Ponds in Series and Gamma removed on average 36.6 mg-N/L and
35.2 mg-N/L of TAN, with respective standard deviations of 6.3 mg-N/L and 5.3 mg-N/L. The
toxic unionized ammonia concentrations for Round 2 of the Ponds in series and Gamma met the
0.025 mg-N/L attainment level 5 and 7 of the 12 sample dates respectively. There was no
statistically significant difference for the two treatment methods for scBOD5 removal (t = 1.4,
DF = 17.9, P = 0.17), TAN removal (-0.64, DF = 23.3, P = 0.28), and unionized ammonia
concentrations (t = -0.9, DF = 16.2, P = 0.38).
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5.1.2 Experiment 2: Nitrification Modeling
The TKN removal rate of single round Pond 7 was on average 52% of the nitrification rate
determined by the Monod model with a standard deviation of 9%. For Ponds 8 and 9 and all
Round 2 ponds the Monod model did not correspond with performance results. The TKN
removal rates expressed as a percent of Monod nitrification rate ranged from 56%-214% and
53%-262% for Ponds 8 and 9 respectively. The NO2,3- increase rate expressed as a percent of
Monod nitrification rate ranged from 65%-683%, 75%-1016%, and 65%-660% for Ponds 4, 5,
and 6 respectively. The Monod nitrification model more closely approximated the performance
of the pond for Pond 7 than for all others because the effluent was pumped, resulting in a more
accurate SRT calculation. All Round 2 ponds had a greater percentage range than Ponds 8 and 9.
This may have been because TKN removal rate was a more valid method than NO2,3- increase
rate for approximating nitrification rate or because the assumption that SRT was equal to HRT
was not valid.
5.2 Limitations of the Study
Limitations of the study regarding pond operations, sampling, and laboratory analysis are as
follows:
Pond Operations Limitations
1. Standpipes in Round 2 and Gamma ponds were inconsistent at retaining solids.
2. Water pumped out of ponds was not always representative of the ponds.
Sampling Limitations
1. Samples were taken as grab samples and were not representative of the concentrations in
the ponds throughout the course of a day.
2. Samples were only collected once a week and this was insufficient data for nitrification
modeling.
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3.

Effluent samples for standpipe overflow did not always demonstrate that solids retention
was occurring in the ponds.

Laboratory Limitations:
1. Acceptable TN data were not always available. This may have been because of errors
committed by the analyzer or because the method did not fully digest organic nitrogen.
5.3 Future Research
To prepare a better nitrification rate model for the raceway ponds the following research is
suggested:
1. The kinetic parameters for each specific pond should be found.
2. Multiple effluent samples should be collected to calculate the SRT more accurately.
3. The experiments should be conducted over a smaller range of time.
4. Concentrations of the different nitrogen forms should be determined at least 3 times a
day.
5. Total nitrogen testing should be done on the effluent samples.
The capability of raceway ponds to treat BOD could be more fully understood by doing the
following:
1. Measure total BOD5 of the pond effluent instead of just scBOD5.
2. Determine how effective settling is at removing total BOD5 by measuring BOD5 on the
supernatant of settled pond water.
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Appendix A: YSI oxygen solubility table
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Appendix B: Pond temperature data recorded by Neptune data logger
Appendix C: Pond dissolved oxygen data recorded by Neptune data logger
Appendix D: San Luis Obispo Daily precipitation recorded by CIMIS
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Appendix A. Dissolved oxygen table used to convert percent saturation to mg/L

Figure A.1. Oxygen solubility table from YSI brand.
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Appendix B. Pond temperature data recorded by Neptune data logger
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Figure B.1. Pond 4 hourly temperature data recorded by Neptune data logger.
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Figure B.2. Pond 5 hourly temperature data recorded by Neptune data logger.
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Figure B.3. Pond 6 hourly temperature recorded by Neptune data logger.
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Figure B.4. Pond 7 hourly temperature recorded by Neptune data logger.
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Figure B.5. Pond 8 hourly temperature recorded by Neptune data logger.
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Figure B.6. Pond 9 hourly temperature recorded by Neptune data logger.
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Appendix C. SCADA Dissolved Oxygen
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Figure C.1. Pond 4 hourly DO data recorded by Neptune data logger.
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Figure C.2. Pond 5 hourly DO data recorded by Neptune data logger
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Figure C.3. Pond 6 hourly DO data recorded by Neptune data logger.
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Figure C.4. Pond 7 hourly DO data recorded by Neptune data logger.
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Figure C.5. Pond 8 hourly DO data recorded by Neptune data logger.
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Figure C.6. Pond 9 hourly DO data recorded by Neptune data logger
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Appendix D. CIMIS Precipitation
Precipitation data were gathered from CIMIS weather station (52) located at the Cal Poly
campus.
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Figure D.1. Precipitation data gathered from CIMIS San Luis Obispo weather station located on Cal Poly
campus.
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